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Abstract
Two Galactic halo objects are studied spectroscopically, the far-
Southern Galactic globular cluster IC 4499 and the Large Magellanic
Cloud. Radial velocity and metallicity measurements from the near-
infrared calcium triplet obtained with the AAOmega spectrograph
are analysed and discussed in the context of Milky Way and halo
evolution.
Several hundred red giant stars were observed in and around
IC 4499. 43 targets were identified as cluster members based on
velocity and abundance, by far the largest spectroscopic sample of
IC 4499 giants ever studied. The mean heliocentric radial velocity
of the cluster was determined to be 31.5± 0.4 km s−1, and the most
likely central velocity dispersion found to be 2.5± 0.5 km s−1. This
gave a dynamical mass estimate for the cluster of 93± 37× 103M.
No evidence for cluster rotation was seen down to a sensitivity am-
plitude of ≈1 km s−1. The cluster metallicity was found to be [Fe/H]
= −1.52 ±0.12 on the Carretta-Gratton scale; this is in agreement
with some earlier estimates but carries significantly higher preci-
sion. The radial velocity of the cluster, previously highly uncertain,
is consistent with membership in the Monoceros tidal stream but
also with a halo origin. The horizontal branch morphology of the
cluster is slightly redder than average for its metallicity, but it is not
unusually young compared to other clusters of the halo.
Radial velocities were obtained for 585 giant stars in the Large
Magellanic Cloud central bar region, the most extensive, high quality
spectroscopic sample to date of late-type stars in the crowded central
galaxy. Metallicity has also been estimated for 240 stars. The data
were calibrated by contemporary radial velocity results from the
same instrument. The velocity sample is Gaussian distributed about
259 km s−1 with a dispersion of 24 km s−1. A systemic velocity for
the LMC of 255± 5 km s−1 is estimated which is lower than previous
estimates. Disk plane velocities are consistent with a rotating disk
galaxy. Monte Carlo simulations are made of parameters for a disk
rotation model having a maximum velocity of 79± 18 km s−1 before
asymmetric drift correction. A mean metallicity of [Fe/H] = -0.36
dex and a metallicity distribution function were found consistent
with previous estimates, confirming the bar is slightly more metal-
rich than the disk. The bar stars are rotating with the disk making
the bar kinematically indistinguishable from the disk galaxy. No
evidence is found for streaming motions along the bar nor a counter-
rotating population. The bar is not an unexpected feature in a thick
disk with instability induced by tidal interaction with the Small
Magellanic Cloud.
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Some velvet morning when I’m straight
I’m gonna open up your gate
And maybe tell you ’bout Phaedra
And how she gave me life
And how she made it in
Lee Hazlewood (1929-2007) 1
Constructing Galaxies
1.1 Laying Foundations
The problem of galaxy construction is one of the most important challenges
facing astronomy. The modern paradigm of hierarchical structure formation
around dark matter (DM) needs to be reconciled with observations. While sim-
ulations of a DM dominated universe recreate large scale structure very well,
they fail to reproduce structure on galactic scales, the so-called “missing satel-
lites“ problem (Klypin et al. 1999; Moore et al. 1999). Clues to the formation
of the Galaxy are to be found in the stellar populations of Milky Way (MW)
halo objects.
Stellar populations retain chemical traces and dynamical imprints of their
formation environment. Detailed views of stellar populations are only possible
in the MW and nearby Local Group (LG). The oldest stars in the MW halo are
early universe fossils whose age is equivalent to the look back time of the furthest
visible galactic objects. Near-infrared calcium triplet spectroscopy of red giant
branch (RGB) stars allows detailed kinematic and abundance measurements of
these distant stellar populations. They represent a detailed local archaeological
record of the evolution of the Galaxy.
The easily observable MW and halo objects naturally inform our under-
standing of the cosmos. This study of the halo objects globular cluster (GC)
IC 4499 and the Large Magellanic Cloud (LMC) galaxy, observes locations of
structure building at scales where DM simulations fail. Universal galactic struc-
tural evolution in the context of a Λ cold dark matter (ΛCDM) cosmology can be
illuminated by observing the interactions between satellites and their host MW
Galaxy. In this thesis stellar populations within these halo objects were searched
for dynamical and chemical clues to the construction of the MW Galaxy and
halo.
Interactions between galaxies affect their structural evolution over much
shorter time scales than the age of the universe. Gravity is the force that
creates structure and order from scattered elements on galactic scales, even as
entropy increases. Tiny quantum fluctuations in the Big Bang, seen as minute
temperature variations in the cosmic microwave background, rapidly inflated to
homogeneously fill all of space-time with the seeds of galaxies (Bennett et al.
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2013). The gravity of DM appears necessary to fill these seeds with baryonic
matter and sustain galactic structure.
Ancient halo GCs with homogenous populations were created in conditions
that existed at the birth of the Galaxy. Along with the halo dwarf galaxies they
show structural evolution and devolution by accretion at a variety of scales. This
evolution of smaller objects has occurred within the sphere of influence of the
massive MW. IC 4499 was an understudied member of the halo GC population,
whose odd characteristics promised new insights into halo history.
The Magellanic system is a disk galaxy with a substantial dwarf satellite
and attendant globular clusters, almost a scale model of the MW, but with
important differences, such as the lack of a halo and bulge. The LMC is in
a state of disturbance with hierarchical structure formation occurring through
accretion, as well as star formation driven by close range interactions with the
Small Magellanic Cloud (SMC) or MW. In this thesis stellar velocity information
from spectroscopy was used to analyse the internal dynamics of two MW halo
objects, IC 4499 and the LMC. Internal effects on stellar tracers give clues to
the larger scale causal interactions. Spectroscopic metallicity reveals ages and
evolutionary patterns in halo objects. Implications for LG dynamic evolution
and structural feedback were examined in light of our findings.
ΛCDM models have successfully described the structure of the large scale
universe, but fail on the galaxy and dwarf galaxy scale (Klypin et al. 1999; Moore
et al. 1999; Klypin et al. 2002; Moore et al. 2006). Disk galaxies need smooth
gas flows to form and the excess of small structures predicted by ΛCDM tend to
disrupt the smooth conditions (Moore et al. 1999). In fact the excess of small
structure is not observed (Klypin et al. 1999; Boylan-Kolchin et al. 2010). The
study of halo objects can address cosmological questions of structural evolution
at the galactic scale.
The outer regions of the MW and the halo are where kinematic traces of
accretion and remnants of hierarchical structure formation are easier to find
(Johnston et al. 1996; Helmi 2008). In the Galactic bulge for example, time
would have erased most evidence where the dynamical timescales are short.
Velocity dispersion in Baade’s window is ∼ 120 km s−1 (Morrison and Harding
1993). The outer MW potential is where evidence of ancient structures can
still be observed. Multi-object Ca II spectroscopy can provide large samples of
stellar tracers in these populations. In this study statistical techniques applied
to observed samples allowed estimation of global parameters for IC 4499 and
the LMC galaxy.
1.2 Building Blocks in a ΛCDM Universe
Early authors surmised that the the galaxy simply collapsed quickly (≤ 1 Gyr )
from a single proto-cloud of primeval material in a top-down formation scenario
(Eggen et al. 1962) . The inner halo condensed before the outer halo and should
show a metallicity gradient, rich to poor, from the inside out. Later studies
revealed there was no abundance gradient in the outer halo like that seen in the
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inner MW disk (Searle and Zinn 1978). The complicated nature of kinematics
and abundances in the Galactic halo pointed to a more convoluted formation
history involving accretion (Freeman and Bland-Hawthorn 2002). The concept
arose of the construction of the galaxy from a variety of objects and sources,
the bottom-up formation of the Searle-Zinn paradigm.
There are problems with the hierarchical formation theory. Only a fraction
of the Galactic halo can be attributed to fragments (Geisler et al. 2007). There
remains a general uniformity of age, dynamics and abundance amongst an old
halo population which contrasts with a younger halo population (Mackey and
van den Bergh 2005). The old halo objects also display the Oosterhoff dichotomy
in RR Lyrae periodicity, whereas the dwarf population, the LMC and young halo
do not (Catelan 2009a). This indicates that not all the halo is accreted from
fragments, as the old halo seems to share some kind of common heritage. Many
young halo GCs are associated with accretion sites (Mackey and van den Bergh
2005) If age is the second parameter of horizontal branch (HB) morphology,
then an age gradient is evident from the halo down to the central bulge (Lee
1992).
We propose that the formation of the Galaxy may well be described jointly
by both the top-down and bottom-up paradigms. Some of the Galaxy followed
the Eggen et al. (1962) top-down scenario becoming the bottom layer for a com-
plex and evolving hierarchical accretion process. A relatively rapid homogenous
collapse of a proto-cloud or collision of proto-clouds formed the bulge at the
same time as the old halo including the GCs. This structure was to be later
supplemented by a long accretion and amalgamation process of the satellite
dwarf galaxy substructure.
The hierarchical bottom-up structure building process can be observed con-
tinuing now at z = 0 in the LG. The Magellanic clouds are interacting with
themselves, driving tidal star formation and accretion processes (Harris and
Zaritsky 2009). In addition the MW itself is somehow affecting the LMC-SMC
as they in turn are accreted onto an even larger structure (Weinberg 1995, 2000).
Many other dwarf galaxy objects are only just now accreting on the MW, oth-
ers have long since been disrupted beyond recognition, leaving streams of stars
wrapped around the MW disk (Morrison et al. 2000).
Detailed metallicity analysis of α-elements show the Sagittarius (Sgr) dwarf
and other dwarfs along with the LMC and SMC form a group distinct from the
MW halo (Chou et al. 2009). They exhibit a range of metallicities showing a
history of slow star formation throughout their history and early enrichment
. None of the satellites share a common star formation history (SFH) (Mateo
1998; Geisler et al. 2007), which shows that there was no homogenous single
galactic formation event for these objects. Their uniqueness suggests the satel-
lites formed in isolation from the more homogenous metal-poor MW old halo
objects such as the globular clusters (McConnachie 2012). The dwarf galaxies
show complex, unique and on-going sporadic star formation histories, indicating
once again that the MW halo is in a constant state of interaction, accretion and
disruption.
Unlike other dwarf galaxies in the MW halo, the LMC at about 1010M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(Besla et al. 2010; van der Marel et al. 2002), it is a substantial fraction, near
1%, of the MW mass. It represents a category midway between dwarf galaxies
and large spirals. There is active star formation in the LMC, more so than other
dwarf satellite galaxies in the MW halo (Harris and Zaritsky 2009). The LMC
appears more metal rich than the rest of the MW halo and probably formed in
isolation from the MW. Modern proper motion studies suggest the LMC-SMC
have only recently interacted with the MW, perhaps on their first orbit of the
MW (Besla et al. 2011).
The number of large LMC type satellites observed around MW L∗ type
galaxies agree with simulations of galaxy formation based on ΛCDM models
of the universe (Tollerud et al. 2011; Robotham et al. 2012) While Magellanic-
type satellites are commonly observed, the LMC is bluer than most satellite
galaxies which tend to be redder for their luminosity (Tollerud et al. 2011)..
This may indicate that the LMC is just beginning to interact with the MW,
triggering current star formation, while halo quenching of star formation has
not yet occurred.
Simulations of formation in a ΛCDM universe show many more DM sub-
haloes around the central DM galaxy potential than are observed and amount
to 5-10% of the virial mass of the central potential (Maccio` et al. 2006). This is
referred to as the missing satellites problem (Klypin et al. 1999). ΛCDM simu-
lations appear to mimic sub-structure of galaxy clusters, but fail at the galactic
level. Re-ionisation in the early universe stopping condensation of baryons in
the DM sub-haloes has been proposed as a method of suppressing the formation
of satellite galaxies (Maccio` et al. 2006; Moore et al. 2006).
The LMC formed a little later than the earliest objects and didn’t experience
the re-ionisation suppression. The lack of a LMC halo is an analogue of the MW
missing satellite problem. If there were LMC sub-haloes they too would have
been suppressed and if any did survive they have been accreted. The number
of satellites looks to be a function of host mass size which rapidly goes towards
zero for a LMC size galaxy, as there may be cut-off mass for baryon accretion
in DM sub-haloes (Klypin et al. 1999).
Old stars in the halo contain a fossil record of accretion processes in the
MW halo and at least 10% are remnants of a satellite population that has been
accreted (Starkenburg et al. 2009). The Sgr dwarf spheroidal (dSph) galaxy
is the best demonstrated example of accretion by the MW of a satellite (Ibata
et al. 1994). High resolution spectroscopy has been able to identify the disparate
elements of the accretion process. M54, Terzan 7, Terzan 8 and Arp 2 have
been identified as members of the remnant tidal stream by chemical tagging
(Da Costa and Armandroff 1995). Other GC Sgr stream candidates include
Whiting 1 (Carraro et al. 2007) and Palomar 12 (Cohen 2004).
The dSph/dwarf elliptical (dE) MW satellite galaxies exhibit a substantial
mass to light ratio showing that they do form within DM sub-haloes (Mateo
1998; Baumgardt and Mieske 2008). The survival to the present of the Sgr
dSph within the tides of the MW depends upon its DM to keep its stars (Ibata
et al. 1997; Ibata and Razoumov 1998). The old GC population by contrast
have no appreciable DM component, Moore (1996) put an upper limit on the
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mass to light ration of 2.5. The inner DM clumps have probably now been
accreted on to the MW and only the outer sub-haloes remain.
The stream from the Sgr galaxy has been confirmed by several studies (Vivas
et al. 2001; Newberg et al. 2002; Da Costa and Armandroff 1995). But the Sgr
dSph is probably not the only accreted object. Many satellites are expected to
have coplanar obits with the MW disk and be accreted as ring like structures in
the outer disk (Helmi et al. 2003). Their location makes them hard to detect.
The Monoceros tidal stream, or the Galactic anti-centre stellar structure
(GASS) was first detected in the Sloan Digital Sky Survey (SDSS) (Yanny et al.
2000). This stream of stars with metallicites distinct from the metal-poor halo
population is also thought to be the remnant of a dwarf galaxy, but its progenitor
has not been identified. The Sextans dwarf and the cluster Pal 5 are in the right
locations to be associated with the stream. Another possible Monoceros stream
candidate is the Canis Major dwarf irregular (dIrr) (Pen˜arrubia et al. 2005). Our
location in the MW disk makes it difficult to observe circum-planar accretion
structure like the Monoceros tidal stream.
The discovery of SMC stars in the bridge and LMC disk (Nidever et al.
2011; Olsen et al. 2011) show that the SMC is being accreted onto the LMC.
The LMC-SMC system is a case study of accretion processes that can inform
our knowledge of the MW accretion of satellites.
Understanding of the formation and evolution of the Galaxy will require
the chemical tagging of individual stellar populations (Freeman and Bland-
Hawthorn 2002). The tagging will allow identification of the progenitor struc-
tures that gave rise to these scattered remnants in the disk and halo. This is the
grand project of Galactic archeology towards which this study contributes. This
study considered the role of the GC IC 4499 in the context of accretion struc-
tures in the MW halo. Accretion processes within the Magellanic system, as
well as the global interactions of the system within the MW halo are constrained
by the chemical and dynamical evidence from observations.
1.3 The Magellanic System
The LMC is about one hundredth the size of the MW and is the fourth largest
object in the LG after the M31, MW, and M33 galaxies. It is the largest object in
the MW halo. Originally classified as an irregular galaxy, subtle spiral structure
became apparent in the 1960’s with two spiral arms seen most clearly in HI
maps of the galaxy (McGee and Milton 1966; Hindman 1967). Irregular and
patchy regions seen in HII images correspond strongly to extreme Population I
star formation. The most striking example is the 30 Doradus complex of newly
formed stars, supernova shells and star forming gas clouds, the Tarantula nebula.
The most obvious visible feature of the galaxy is the strong stellar bar, which
does not appear in H1 images.
Spiral galaxies are often classified according to the Hubble tuning fork dia-
gram. Normal spirals are arranged as Sa, Sb, Sc...Sm in order of decreasingly
tight spiral arms, (higher arm pitch angles), and smaller central bulges (Hubble
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1927; van den Bergh 1998). The other tine of the tuning fork is the barred spiral
galaxies SBa, SBb, SBc...SBm, ordered in the same sense as the spirals but with
the addition of a bar feature. Sometimes a third, intermediate, tine is invoked
for weaker bars, S(B)a, S(B)b, S(B)c...S(B)m.
The classification of the LMC by various authors has been varied with some
early authors classifying it as irregular, Im. The LMC was classified by de Vau-
couleurs and Freeman (1972) as an SB(s)m, spiral barred, with loose arms and
weak or no bulge, with the (s) denoting the bar and spiral arms emerge from
the centre of the galaxy, rather than an SB(r)m where the bar and arms emerge
from an annulus around the centre. The SMC is classified similarly but is
SB(s)m peculiar. The Magellanic cloud then represents an intermediate type
galaxy between grand design spiral disks and the irregulars. Representing a
natural progression of spiral types it is not necessary to invoke MW interaction
to explain its morphology.
The integrated colours of galaxies reveal the stellar populations within the
galaxy. There does not appear to be any colour difference between spiral and
barred spiral galaxies (de Vaucouleurs 1961). This indicates the nature of the
bar is dynamical; the similar stellar populations implied by colour in both spiral
types mean the bar features are not based on primordial abundance nor on age.
It is less than 100 years since nearby LG galaxies were shown to lie outside
the MW (Hubble 1929). The LG contains two massive ∼ 1012M disk galaxies,
the MW (MW) and M31, the Great Andromeda Nebula, each at the centre of
a subgroup of the LG. The total LG is a collection of at least 35 galaxies of
different types (Grebel 2001; Mateo 1998; van den Bergh 1999) and as many as
100 within 3 Mpc most of which are associated to some degree, (McConnachie
2012). Two thirds of the LG galaxies are found within 600 kpc of the two
subgroups (Grebel 2001). These two subgroups are remarkably similar in scale
and scope each with two substantial disk galaxies, and a similar number of
dwarf satellites. In the MW subgroup the LMC is the most massive satellite at
∼ 1010M, in the Andromeda subgroup the satellite galaxy M33, Triangulum
is also of the same order ∼ 1010M. The SMC is a dwarf irregular (dIrr), the
remaining galaxies in the MW subgroup are dIrr or dwarf spheroidal/elliptical
dSph/d/E.
The Magellanic system comprises the SMC and the LMC along with HI fea-
tures associated with the two galaxies, the Magellanic Bridge, the leading arm
and the remarkable 150◦ long Magellanic stream (MgS). First discovered at the
Parkes radio telescope Mathewson et al. (1974) the HI features showed the uni-
fied nature of the Magellanic system. The disturbed nature of the system means
we are witness to a local Galactic group scale hierarchical structure formation
event. In addition the system is at such proximity that we are able to observe
individual stars as detailed tracers of Galactic scale interactions.
The very first studies with the new science of radio astronomy in the 1950-
60’s revealed the connected nature of the Magellanic system. The LMC and
SMC were clearly embedded in HI envelopes much larger than the stellar system
(Kerr et al. 1954; McGee and Milton 1966). Figure 1.1 shows an early map made
with the Australian 36 foot Potts Hill radio telescope of the 21cm HI emission
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Figure 1.1: Figure 1 from Kerr et al. (1954) showing the integrated 21cm emis-
sion at low resolution of about 1.◦0
line around the clouds. The narrow line emission allowed velocity information
to be explored. The map is of the integrated flux from the different velocity
components along the line of sight. A major finding was that the HI distribution
is offset from the stellar light distribution by as much as 1.◦2 (Marel and Cioni
2001), a phenomena confirmed by subsequent studies, (e.g. Kim et al. 1998;
Staveley-Smith et al. 2003). The first hint of galactic rotation is also noted by
the authors. However as shown by later studies, and in this thesis, they are
detecting the projection of the proper motion into the radial line of sight. The
transverse proper motion effect dwarfs the actual rotation signature of the LMC
galaxy.
The MgS feature was first observed by Mathewson et al. (1974) and is shown
in Figure 1.2. The 150◦ MgS feature runs from the clouds, passes through the
south galactic pole and crosses the plane of the MW, over 150 kpc. Unlike the
many streams associated with dwarf galaxy accretion on to the MW, the MgS
feature is only seen in HI with no conclusive stellar counterpart yet discovered.
Most models in the literature have emphasised the role of the MW in creating
the stream (Gardiner and Noguchi 1996).
The existence of a bridge was first proposed by de Vaucouleurs (1954) from
observations of star counts between the clouds. Unlike the bridge the MgS has
no stellar counterpart. The peculiar negative velocity VGSR ≈ -216 km s−1 at the
tip of the MgS at l = 90◦, b = −30◦ was attributed originally to hydrodynamic
pressure braking the gas (Mathewson et al. 1974). The implication was that
there must exist an intergalactic medium density at least 2× 10−4 atom cm−3
(Oort 1970) to cause this effect. The leading arm structure however is not
9
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Figure 1.2: Figure 1 from Mathewson and Ford (1984) at higher resolution, 15′,
meta-image of several Parkes studies of the Magellanic system. The integrated
nature of the two galaxies within the HI envelope and the vast extent of the
stream is illustrated.
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explained by a gas braking model. Leading arm features suggest a tidal origin
such as the leading feature in the Sgr tidal stream (Majewski et al. 2003).
The extent of the HI envelope was later revealed by the much larger Parkes
radio telescope. Figure 1.2 shows the result of twenty years worth of studies at
the Parkes radio telescope, (McGee and Milton 1966; Hindman 1967; Mathewson
et al. 1979; Mathewson and Ford 1984). A similar map from the latest large
scale Parkes survey with the multi-beam receiver, the HI Parkes All-Sky Survey
(HIPASS) (Putman et al. 2003) is shown in Figure 1.3. With higher sensitivity,
the spatial resolution is still defined by the 64 metre aperture at 21cm of 15′
with a velocity resolution of 26 km s−1.
The MgS in particular illustrates most clearly the extremely disturbed nature
of the common HI envelope of the Magellanic system. The stream at first
appears to be indicative of ram pressure of the MW halo medium on the HI
envelope, (Mathewson and Schwarz 1976). But later studies seem to indicate
that the density in the halo is insufficient to create the required pressure (Murali
2000). Mastropietro et al. (2005) ran an hydrodynamic simulation of several
orbits of the LMC through the halo which not only produced the observed
MgS feature, but also a stellar halo, which is not observed. The interaction
of the LMC-SMC system can alone create the MgS phenomenon through tidal
mechanisms, (Besla et al. 2010; Diaz and Bekki 2011). If this is the case then
there is no need for multiple orbits through through the MW halo to explain
the morphologies.
Spatially separate but near the stream are a population of high velocity
clouds detected in HIPASS. They are at a similar velocity to the nearby stream
at around −200 km s−1 Galactocentric radial velocity, with a very low dispersion
of 45 km s−1 indicating a common origin (Westmeier and Koribalski 2008). It
is proposed they are filamentary remnants of a once larger stream. The clouds
may correspond to the kind of tail feature seen in numerical simulations of the
Magellanic system Gardiner and Noguchi (1996).
Hertzsprung (1920) first noted the LMC and SMC were co-moving and the
extent to which proper motion would affect the projected radial velocity com-
ponent of LMC disk plane circular velocities. With only 18 planetary nebula
velocities he estimates a proper motion component perpendicular to the line of
sight of 560 km s−1 to 600 km s−1. This estimate is higher than contemporary
HST proper motion estimates, but correctly presages the large modern value
476 km s−1 Piatek et al. (2008). Wilson (1944) also estimated 471 km s−1 to
649 km s−1, and both these values seemed odd at the time given the velocity
dispersion of the MW sub-group. In hindsight these early studies pointed to-
ward the modern view of the Magellanic Clouds as interlopers into the Galactic
halo with velocities too large to be gravitationally bound to the MW. While sub-
sequent studies have taken the projection effects into account, it is only recently
that the magnitude of the proper motion has been appreciated (Kallivayalil
et al. 2006; Piatek et al. 2008; Vieira et al. 2010).
Models that assumed many MW orbits of the Magellanic system still found
that many features could be attributed to SMC-LMC interactions, such as the
stream, including the bifurcated nature (Connors et al. 2006). However recent
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proper motion data implies that the Magellanic system is on its first approach
to the MW, (Kallivayalil et al. 2006; Vieira et al. 2010), and may even be on
an unbound hyperbolic orbit (Besla et al. 2007). If the Magellanic system has
made at least one orbit of the MW then the MW mass implied by its velocity
is higher than most estimates. Modellers are now looking at SMC-LMC self
interactions to explain the stream. These new models have implications for the
other morphologies of the system.
New explanations for the morphology of the LMC-SMC are required in the
absence of multiple MW orbits for the system. Nidever et al. (2008) suggest
gas ejected from the supergiant shells in the HI are the source for the stream
and leading arm, which drift away from the clouds at 49 km s−1. Subsequently
a low metallicity has been found in the gas in the tip of the MgS (Fox et al.
2010) which is more suggestive of a SMC origin for the stream HI, although
the metallicity is poor even for the SMC. The suggestion is the gas is from the
periphery of the SMC galaxy and is less enriched as a consequence. This SMC
origin is more consistent with the gas being stripped by LMC-SMC interaction,
from the SMC periphery.
Sinusoidal patterns in the MgS are suggestive of periodicity and may possibly
be the result of LMC disk rotation (Nidever et al. 2008). A problem with this
hypothesis is the different velocities imparted to the stream would tend to scatter
the stream, when what we witness is a very extended coherent structure. The
stream distance is as yet uncertain. While the head is probably about the same
distance as the clouds themselves between 50 kpc to 60 kpc the distance to the
tail is uncertain, due in part to a lack of stellar tracers.
Simulations of LMC formation from an early accretion of DM sub-haloes
predict a small halo of stars at large radii that originally formed in the sub-
haloes (Brook et al. 2013). Borissova et al. (2004, 2006) detect some evidence
for a halo in an old metal-poor population of RR Lyrae stars with a velocity
dispersion of about 50 km s−1, larger than the disk value of about 25 km s−1
(Cole et al. 2005) in the inner LMC. 43 RR Lyrae with a large dispersion of
53 km s−1 were also observed by Minniti (2003). The presence of a potential halo
population in the inner LMC is also noted by (Subramaniam and Subramanian
2009). Mun˜oz et al. (2006) also find a small number of stars with LMC-like
metallicities at large radii, but a substantial MW-style halo is not observed
around the LMC.
The mass of the LMC has been estimated as high as 1.5× 1010 M (Schom-
mer et al. 1992) and as low as 6× 109 M (Meatheringham et al. 1988). The
tidal effect of the Magellanic sytem on the MW disk may be responsible for the
large scale warp noted in the MW disk. The mass of the Magellanic system
alone is too small to affect the spiral structure of the MW, unless the impact on
the MW dark matter halo is strong enough to affect the MW disk (Weinberg
1995) .
In another indication that the LMC-SMC may have formed in isolation, it
appears only moderately likely, p = 0.1, in a ΛCDM universe for a MW host to
contain a pair of galaxies of the size of the LMC-SMC (Boylan-Kolchin et al.
2010). Massive sub-halos like the clouds are typically absorbed at later times in
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the HIPASS data clearly show a more complex structure
primarily made up of two distinct and parallel filaments.
This bifurcation has previously been noted by Cohen (1982)
and Morras (1983, 1985). The dual filaments run parallel to
each other for the length of the Stream, but appear to merge
three or more times. At these points, for example
(l, bÞ ¼ ð40$,%82$) (MS III) and (74$,%68$) (MS IV), there
are dense concentrations of gas. The two filaments are most
Fig. 5.—Annotated H i column density image of the Magellanic Clouds, Bridge, Stream, and the beginning of the Leading Arm feature (LAF). Velocities
from%450 to 400 km s%1 are included, excluding&20 km s%1 due to confusion with Galactic emission. The boxes represent the regions used for the mass deter-
minations in Table 2. Magellanic longitudes for positions along the Stream are also labeled. The intensity values are on a logarithmic scale with black corre-
sponding toNH i > 6' 1020 cm%2, and the faintest levels corresponding to(2' 1018 cm%2. Galactic longitude increases in a counterclockwise direction.
No. 1, 2003 MAGELLANIC STREAM 175
Figure 1.3: Revealing even m re f the strea , the latest large scale HI survey
of the Magellanic system usin the Parkes multi-beam r c iver from F gu 5.
of Putman et al. (2003), shows HI column density on a logarithmic scale.
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simulations of dark matter halos. It is likely the clouds have not arrived until
recently.
The nature of the HI within the LMC is revealed in detail in the Australia
Telescope Compact Array aperture synthesis mosaic image from Kim et al.
(1998) (Figure 1.4). Here the spatial resolution is 1′′. The most striking features
are the flocculent spiral structure and the voids in the interstellar medium. The
voids are thought to be cleared by supernovae (SNe), stellar winds and UV from
young clusters. Molecular cloud formation is enhanced within the walls of these
voids (Dawson et al. 2013) .
Shock compression of the interstellar medium along with the turbulence of
colliding flows create density conditions conducive to star formation. Under-
standing these feedback processes is increasingly recognised as important for
star formation history and galactic evolution. Exactly how super-shells con-
tribute to star formation rates is not yet well understood. The study of this
phenomenon in the nearby LMC may illustrate the role of stellar feedback on
the molecular fraction of entire galaxies.
Of the nine major H I holes in the LMC, six are associated with Hα shells
ionised by young stars (Staveley-Smith et al. 2003), and at least two of these are
associated with non-MW high velocity clouds (HVC). Bekki and Chiba (2007c)
suggest that the HVCs could be associated with in-falling SMC material. The
presence of young clusters that are strangely metal-poor (Grocholski et al. 2006),
hints at accreted SMC material as raw material for LMC star formation.
The HI envelope around the Magellanic system is the main diagnostic of the
large scale inter-galactic interactions between the SMC, LMC and MW. The
galactic scale of the features, especially the MgS, indicate Gigayear timescales.
The question which now faces researchers is whether the Magellanic system is an
intact example of SMC-LMC interaction, or whether the disturbed morphology
is a result of LMC-SMC interaction with the MW galaxy. Both interactions have
probably left their mark on the Magellanic system in but in differing proportions.
The bar itself could be an example of such a morphology. The bar may have
been induced as a result of interaction with the SMC, or perhaps induced by
tidal interaction with the MW. It could also be an internal dynamic resonance
within its own spiral structure. This study undertook to sample the chemical
and dynamical tracers in the LMC bar to shed some light on the bar feature.
1.3.1 Bars in Disks
The phenomenon of spiral arms and bars is a manifestation of resonances within
the disk structure as formulated in the classic paper by Lynden-Bell and Kalnajs
(1972). Spiral features and bars are essentially a wave phenomenon, transferred
through the response of the orbits of stars to the gravity of the density pertur-
bation. These waves can grow, decay and reflect, forming standing patterns in
the velocity field.
The main mechanism of propagation is via transference of angular momen-
tum. This occurs most readily when the orbit of an object is in resonance with
the wave angular momentum. The co-rotation circle is at the radius where the
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676 KIM ET AL. Vol. 503
FIG. 1.ÈPeak H I surface brightness map for the LMC. This map is sensitive to the H I cloud with the highest surface density lying along the line of sight,
and it emphasizes the Ðlamentary, bubbly, and Ñocculent structure of the ISM in the LMC.
The median pitch angle of the spiral features in the outer
parts (at radiiD 3 kpc) is D25¡. With a Ñat rotation curve
(v\ 70 km s~1), this implies an average lifetime of D90
Myr, or about a third of a galactic rotation period. The
spiral arms are trailing only if the LMC is rotating clock-
wise on the sky. Hipparcos proper-motion studies (Kroupa
& Bastian indicate a similar, though more tentative,1997)
result. Since the northern part of the disk is rotating away
from us, this geometry implies that the closest part of the
LMC is in the east. In this region we expect the outskirts of
the disk (at radiusD 3.6 kpc) to be some 2.7^ 1.0 kpc
closer on the eastern edge than on the western edge. This
result is in good agreement with direct determinations
through Cepheid distances, which give position angles for
Figure 1.4: Figure 1. from Kim et al. (1998) showing the highest density HI
component n th line of sight illustrates the disturbed spiral structure nd voids
in the inters ellar medium.
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wave pattern moves at the circular velocity of disk orbits. The angular momen-
tum density is the distribution of masses with a particular angular momentum.
Inside this co-rotation the angular momentum density is negative and outside
the angular momentum density is positive relative to the co-rotation wave. The
stars with lower angular momentum than the wave pattern are emitters of an-
gular momentum, and stars with higher angular momentum than the wave are
absorbers. The emitter stars do work against the gravitational force of the wave
and lose energy, and that energy is picked up by the wave. The wave then does
work on the absorbers, and transfers energy to them.
Another way of looking at the energy transfer is that the stars inside or
outside co-rotation have the bar density wave pass by them more often, at a
frequency greater than at co-rotation. For inner stars the bar pattern density
is dragging on their orbital speed, and for outer stars the bar density gives an
orbital impetus. At co-rotation the density moves with the stars. The pattern
itself feeds on the energy transfer and grows. It grows especially given an anti-
axisymmetric disturbance.
The kinetic energy of the galaxy is a combination of its rotational and its
random, or thermal motions. To increase random motions requires the rota-
tional energy to decrease. To decrease the angular momentum of the fraction of
mass with a given GM/R2 is accomplished by increasing R in the denominator
(Lynden-Bell and Kalnajs 1972). Masses at larger radii can pick up angular
momentum from the inner regions. Gravitational torques from the inner to the
outer masses via the wave density transfer angular momentum outwards.
The wave resonances are energy minimisation points which form the patterns
of bars and spirals. The pattern arises due to the virialization of the disk as
the angular momentum is transferred outwards, increasing the random motions
and the entropy of the galaxy. One pattern that minimises the energy is a
trailing spiral structure. The gravitational torque from the inner to the outer
is a leading torque, as the potential leads from the inner disk. The masses
exterior are accelerated with respect to the inner mass. In order to lower the
rotational energy the spiral minimisation pattern trails the forcing torque. A
bar is another common pattern of density resonance that can transfer angular
momentum.
Disks are unstable to bar resonances, which appear observationally to occur
in both isolated disks and disks with companions. About 70% of disks show bar
features (Eskridge et al. 2000). Disks with companions are more likely to show
a bar feature (Gerin et al. 1990). In models companions speed up the formation
of already present disk bar instabilities. It seems most disks are ready to form
bars and that interactions speed up the process. The companions seem to
accomplish this by absorbing angular momentum from the bar resonance. The
transference of bar angular momentum to the outer disk and halo is also seen in
models (Athanassoula and Bosma 2003). The satellite interaction is an extreme
example of this angular momentum transfer process. The bar actually represents
negative angular momentum density. Transferring angular momentum outwards
to a satellite then actually strengthens the bar, by making it more angular
momentum poor. The bar can grow in length as a result.
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Models of a disk galaxy with a 1/4 mass small companion galaxy find that
a bar can be easily created (Berentzen et al. 2004). The SMC is about 3/5 of
the mass of the LMC (Bekki and Stanimirovic´ 2009; van der Marel et al. 2002).
While the last SMC interaction is estimated to have been only 200 MYr ago,
these bars are expected to be long lived (Gerin et al. 1990). Previous passages
of the SMC would have triggered the bar and subsequent fly-bys would serve
to strengthen the bar, unless the SMC were to pass through the disk then the
entire LMC could be disturbed (Berentzen et al. 2003).
Bars can tend to push gas toward the centre of the disk galaxy. The bar’s
gravitational torque on the gas at the leading edge of the bar robs the gas
of angular momentum, slowing its orbit, and it falls inwards (Bournaud et al.
2005). The ends of the bar are regions of high gas density and low shear so star
formation may be possible (Athanassoula 2000). Casetti-Dinescu et al. (2012)
find two prominent clumps of young OB stars at either end of the LMC bar.
A cool disk will be susceptible to bar instabilities, whereas a warm disk with
large velocity dispersion is stable to bars (Das et al. 2008). The existence of
a bar in the LMC suggests there may be inflowing gas which can cool a disk,
and the bar itself help to drive gas inwards. The Magellanic type SBm barred
spirals have quite thick disks with the mean axial ratio being 0.35 (Odewahn
1996).
Bosma (1996) find that a sample of barred and unbarred galaxies show no
statistical difference in rotation curves, in shape or maximum velocities. Just
like spiral galaxies they exhibit typical rotation curves. Odewahn (1996) shows
that for Magellanic type barred galaxies, the presence of a nearby companion is
more probable.
Bars may become thick and box-like in profile. The vertical scale height
of some inner orbits increases due to resonance with the bar speed (Combes
et al. 1990). The increased velocity dispersion that might be expected in a boxy
profile is not detected in this study. Subramaniam and Subramanian (2009)
find some evidence for a flared LMC bar, thinner at the centre, from red clump
depth estimation techniques.
Two types of bar evolution have been proposed, spontaneous bars and tidally
driven bars (Miwa and Noguchi 1998). The spontaneous bar being triggered by
light perturbations, and the tidal bar by strong interactions. But Berentzen
et al. (2004) find this distinction is hard to unravel in simulations, and the
dichotomy is more of a continuum of types.
RR Lyrae stars in the LMC show an increased scale height in the bar region
(Borissova et al. 2004, 2006; Haschke et al. 2012a). The question is whether
these old population tracers are part of an old halo with higher dispersion, or
a bar that stands out from the disk. They may be consistent with an old bar
population with extended vertical orbital components, making the bar box-like
if viewed edge on.
The LMC appears to present ideal conditions for a bar. It is a thick disk,
without a strong halo. It has been interacting with a nearby satellite the SMC. It
has a HI gaseous envelope that can absorb energy and keep the stellar disk cool.
The bar may be slightly flared at the ends (Subramanian and Subramaniam
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2009), which is a typical evolutionary effect. The SMC has either made the LMC
disk unstable during recent fly-bys in the last 5 billion years, or has amplified
an existing instability.
Star formation may be induced by tidal and hydrodynamic shocks and gas in-
falls induced by galaxy-galaxy interaction. Star formation histories can provide
clues to past dynamical events if they can be correlated with interactions. Large
Magellanic morphological features such as the Inter Cloud Region (ICR) or
bridge and the MgS are indicative of interactions. The bar of the LMC is of
particular interest, as the strongest feature of the galaxy it must be one of the
keys to the the history of the Magellanic Clouds. The LMC bar has been the
object of much speculation as stellar data in the central regions has been sparse
in comparison to the periphery of the galaxy. In this thesis observations in the
crowding limited centre of the galaxy reveal the history of the LMC through
chemical and dynamical properties of the stellar population of the bar.
1.3.2 Star Formation History of the Magellanic Clouds
Before recent proper motion estimates in the last ten years, interaction with
the MW over several orbits was the paradigm for understanding the Magellanic
Clouds’ history and morphology. Models by Gardiner and Noguchi (1996) and
Connors et al. (2006) were based on several Magellanic orbits of the MW in
order to create some of the observed HI features.
MW tidal or ram pressure models for the Magellanic morphology rely on
several orbits over 4 Gyr (Mastropietro et al. 2005). These scenarios are ruled
out by higher proper motion. There does appear to be ram compression of cold
HI and molecular gas on the leading eastern edge of the LMC (Marx-Zimmer
et al. 2000). But invoking ram pressure and tides from the MW has failed to
explain the leading arm feature in particular.
The stream, the leading arm, and bridge can all be recreated by models of
SMC-LMC self interactions (Nidever et al. 2010; Diaz and Bekki 2012). The
split nature of the stream is indicative of the interplay and exchanges of material
between the two galaxies (Diaz and Bekki 2011). The leading arm fails to fit
the notion of MW tidal or ram pressure and only SMC-LMC interactions can
reproduce this feature in models.
There are new observations that support the notion of interactions between
the clouds. Olsen et al. (2011) find a minor population of stars in the LMC
that seem to have SMC metallicities. Stars have been found in line with the HI
bridge that seem to connect a wing of material from the SMC to the periphery
of the LMC (Casetti-Dinescu et al. 2012). This may be early evidence of tidal
accretion of material from the SMC to the LMC during close fly-bys.
The question now is whether the clouds are on a bound or unbound orbit.
The current velocity estimates, between 466 km s−1 to 490 km s−1, put the clouds
on the edge of unbound energy or just marginally bound. The first passage
scenario (Besla et al. 2007, 2010) itself has some criticisms. The MgS require
the clouds to have been bound to the MW for at least 2 Gyr according to Diaz
and Bekki (2012). First passage models also give the incorrect result that the
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clouds are headed for an interaction with each other in the near future, rather
than the recent past, which is what star formation evidence suggests (Harris
and Zaritsky 2009; Glatt et al. 2010).
The SFH of the clouds gives us clues to the dynamical interactions that may
have induced stellar birth. Spatially the star formation rate (SFR) seems largely
consistent across the LMC disk with a slightly higher SFR for the bar region in
the last 4 Gyr. Metallicities in RR Lyraes, a tracer of old populations, are very
smooth across the LMC (Haschke et al. 2012b). Stellar metallicity in general
doesn’t show much variation (Cole et al. 2009; Grocholski et al. 2006), but once
again there is a slight metal increase in the bar region. The SMC, which is
much smaller, has seen star formation suppressed in the outer regions and move
toward the centre in the last 3.5 Gyr. Similarly the very youngest objects in the
the LMC are found preferentially towards the centre (Gallart et al. 2008) and
the H II regions.
Weisz et al. (2013) have been able to go deeper, to fainter magnitudes, further
down the LMC main sequence (MS) with the Hubble Space Telescope. They
show that the clouds shared a common slow and constant SFR at > 12 Gyr. The
slow SFR suggests they formed in isolation from the MW. The LMC had a faster
rate from 10 Gyr to 12 Gyr, suggestive of self enrichment and enhancement of
star formation, as the SMC inhabited similar environs. There are no periodic
SFR peaks which might be expected if the Magellanic system had been orbiting
the MW. There are peaks in the SMC at 9 Gyr and 4.5 Gyr which may indicate
interaction with the LMC. From 3.5 Gyr there is a rise in the SFR across the
Magellanic system which may mark the beginning of the MW interaction.
That the Magellanic binary system formed in isolation would not be sur-
prising. A binary system lasting more than 5 Gyr is itself unusual , to have a
triple galactic system SMC-LMC-MW stable over many orbits would be highly
unlikely (Liu et al. 2011). In addition simulations on cosmological scales show
that Magellanic type satellites are often accreted late onto host MW size galax-
ies (Boylan-Kolchin et al. 2011). If the Magellanic Clouds were accreted earlier
they would be expected to lie on more circular orbits. It is likely too that they
are marginally bound rather than unbound (Vieira et al. 2010; Kallivayalil et al.
2013), and their fast and eccentric orbit argues for late accretion.
Recent slight downward adjustments on the proper motion of the clouds
suggest that they are bound to the MW (Vieira et al. 2010; Costa et al. 2009).
Models based on the revised proper motions from SPM (Vieira et al. 2010)
of about 466 km s−1 place the clouds on a highly eccentric bound orbit, not
much less than the value for an unbound orbit 476 km s−1 (Besla et al. 2007;
Piatek et al. 2008). Bound or unbound, the implication is that the SMC-LMC
interactions are just as important to their history as recent MW interactions.
It appears from several studies that there are periods of star formation that
are co-incidental in the SMC and LMC. Young clusters show two peaks of for-
mation in the LMC at 125 and 800 Myr, and in the SMC at 160 and 630 Myr
(Glatt et al. 2010). In addition Harris and Zaritsky (2009) find two peaks at
100 and 500 Myr in the two clouds. They also find another peak at 2 Gyr com-
mon to both clouds. A model based on the slightly lower revised proper motion
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(Vieira et al. 2010; Costa et al. 2009) can reproduce a SMC-LMC interaction at
about 200 Myr (Diaz and Bekki 2012). Models with a first infall scenario and
SMC-LMC iteractions can also reproduce star forming close encounters at 150
Myr and 2 Gyr (Ru˚zˇicˇka et al. 2010).
Numerical simulations of recent Magellanic histories show that LMC-SMC
close encounters over the last 2 Gyr, in addition to an approaching MW, can
trigger patchy star formation in the LMC along the bar and regions like 30 Do-
radus (Bekki 2007). Another clue to the cause of the extreme Population I stars
in the LMC is the existence of clusters like NGC 1718 which at intermediate
age of about 2 Gyr have very low metallicity (Grocholski et al. 2006). In the
case of this cluster -0.8 [Fe/H] where the other LMC clusters are spread very
tightly around -0.4 [Fe/H]. SMC metal poor gas could have been accreted into
the LMC during these close interactions, inducing increased star formation, in-
cluding many other metal poor objects (Bekki and Chiba 2007c, , and references
therein). In addition some LMC HI morphology like giant HI bubbles and holes
could be the result of high velocity SMC gas flows into the disk (Staveley-Smith
et al. 2003).
There is a big gap in the cluster SFH of the LMC (Smecker-Hane et al.
2002; Harris and Zaritsky 2009). Only a handful of clusters are found with ages
4-12 Gyr (Cole et al. 2000). There are many clusters with ages greater than 12
Gyr (Suntzeff et al. 1992). These old clusters have metallicities of around -1.8
dex (Da Costa 1991; Olszewski et al. 1991) and the young clusters have [Fe/H]
≈ -0.5 dex. There appears to have been a long period of quiescence when no
clusters were formed. The cluster age gap is much more pronounced than the
field star formation gap (Carrera et al. 2008). While there has been an increase
in field star formation in the last 2-5 Gyr it is not as dramatic as the cluster
increase (Cole et al. 2009; Baumgardt et al. 2013).
Cioni (2009) find a metallicity gradient in AGB stars decreasing from the
centre to the outer disk, which they hypothesise could be the result of two
major star formation events which created an old halo and thick disk, then an
additional younger thin disk and bar. A reanalysis of the same data, allowing
for different age populations, shows that there is little evidence for a metallicity
gradient (Feast et al. 2010). The bar does demonstrate a dominant younger
population from a brighter main-sequence turnoff (TO) in colour-magnitude
diagram (CMD) studies(Smecker-Hane et al. 2002). The inferred age of this
population depends on stellar evolution models (Skillman and Gallart 2002).
The intermediate age population in the bar thus contains clues to the SFH of
the LMC.
The nature of the bar feature has been discussed but a lack of evidence and
even seemingly conflicting evidence has lead to varied speculation. Haschke
et al. (2012a) find evidence of a bar projected above the disk by 5 kpc using RR
Lyrae tracers , whereas Subramanian and Subramaniam (2010) do not using red
clump stars as tracers. The RR Lyrae stars of Haschke et al. (2012a) may in fact
be the long sought kinematically hot halo perhaps detected by Borissova et al.
(2004, 2006). Subramanian and Subramaniam (2009) also find some evidence
of an inner halo in the RR Lyrae data. In the past Connolly, L. P. (1985) also
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found an handful of RR Lyrae that appear to be in the foreground of the LMC
according to radial velocity estimates.
There have been proposals that the bar may be a spatially separate feature
from the disk (Zhao and Evans 2000; Zaritsky 2004). The suggestion is that it
lies in front of, or above the disk. It has also been hypothesised that the bar has
serious warps (Subramaniam 2003), or contains a counter-rotating population
(Subramaniam and Prabhu 2005). While it has been established that the bar is
not a separate feature (Subramaniam and Subramanian 2009) there still remain
many questions.
An aim of this thesis was to compare a large sample of LMC disk field and
bar field stars to establish the nature of those two primary morphologies, disk
and bar. While only a limited subset of the planned observations was obtained
some of the fundamental questions regarding this closest disk galaxy have been
addressed. Uncertainties in the proper motion of the LMC are now due mostly to
lack of knowledge of the internal kinematics and geometry of the LMC (Kalli-
vayalil et al. 2013). This study takes the largest sample set of spectroscopic
velocities in the central LMC and puts constraints on important disk parame-
ters. The robust statistical technique of Markov chain Monte Carlo (MCMC) is
employed to take account of errors in our observations, and incorporate knowl-
edge of disk geometry as clearly defined prior distributions with uncertainties.
A new systemic velocity value is estimated giving the radial component of the
critical space motion of the LMC. Metallicity estimates obtained constrain the
SFH of the galaxy.
1.4 Globular Clusters in the Milky Way Halo
The MW halo contains about 160 GCs, a few of which at least may represent the
core remnants of ancient dwarf galaxies. Globulars usually represent a single
coeval population but multiple populations have been detected in some large
globulars such as ωCentauri, M22 and NGC 1851 (Gratton et al. 2012; Joo and
Lee 2013a). The conception of some globulars as dwarf galaxies with complex
SFH has been proposed for M54, ωCentauri and NGC 2419 (Mackey and van den
Bergh 2005, and references therein).
GCs are an excellent laboratory for stellar studies as their populations are
coeval, for the most part . A common main sequence turn-off (TO) point, a
distinct HB, along with other evolutionary features indicate a common age for
the stars in these systems. These oldest objects in the halo are remnants of
the earliest ages of the universe. We can look back in time to the most distant
visible galaxies in the universe or study these fossil objects within easy reach in
the MW halo.
Population synthesis is the science of modelling stellar populations, in par-
ticular the populations of GCs. Combined with the theory of stellar evolution
we can probe the ages of ancient populations. The variations within GCs such
as size and central density shed light on enrichment feedback mechanisms and
their effect on the evolution of the population. GCs populations demonstrate
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the enrichment of the primordial interstellar medium (ISM), the role of SNe and
Population III nucleosynthesis.
Given a population synthesis model of the stars in a cluster or galaxy, artifi-
cial colour-magnitude diagrams can be generated. These models can be gener-
ated for different ages and metallicities. Isochrone models are fitted to observed
CMDs from photometric studies to enable ages of objects to be estimated. A
spectroscopic metallicity estimate allows an age and SFH to be determined with
much more accuracy (Cole et al. 2009). Population modelling is easiest where
a single stellar population is present, as in most globular clusters, making glob-
ulars an important test bed for understanding stellar evolution.
The research in this thesis provides insight into some of the above questions.
We can estimate an age from the metallicity of the globular cluster. The equiv-
alent width of the Ca II triplet absorption lines in the spectra of late life red
giant stars is a proxy for the amount of non-hydrogen elements in the stars.
This measure is well calibrated for metal poor populations. The sample of stars
measured gives a statistical estimate for the metallicity of the globular cluster
population.
This study provides detailed physical parameters for just one of the existing
sample of 157 known MW globular clusters, (Harris 1996). Estimates of the
bulk properties of the cluster provide information for researchers on the mass-
luminosity function for the Galaxy and ultimately the universe. The abundance
and mass of IC 4499 also has a bearing on the initial mass function (IMF) for
halo objects at the low mass scale.
1.4.1 Abundances and the Origins of GCs
Observations of the numbers of stars within populations generally show agree-
ment with theory of star formation at intermediate mass, but there is an excess
of low mass objects being created in the MW at the present time, and some
evidence of excess high mass numbers in some cluster environments (Kroupa
2002). There are difficulties with bias in observations that need to be taken
into account when estimating the IMF. High mass, high luminosity objects are
easier to detect, but very high mass stars only live 106 − 107 years. There are
biases in observing short lived stages in stellar evolution such as the HB, (Cate-
lan 2009b). Samples in the MW are full of long lived, low mass stars. In GCs
we are biased toward giant stars when it comes to spectroscopic abundances
as these luminous stars are the easiest to measure. Salpeter (1955) found this
relation between the number of stars as a function of mass and the the mass of
the object,
∂N
∂M
∝MΓ
 1.1
Where Γ is -1.35 for a sample of MW stars with stellar mass range,
0.1M < M < 100M
 1.2
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and the average mass is only about 0.5M. For very low mass objects the
Salpeter (1955) universal relation does not hold. Kroupa (2002) Γ appears to
be about -0.3 for stars less than 0.5Modot and greater than 0.08M , and 0.7
for less than 0.08M. Chabrier (2005) estimate a linear drop in Γ for stars less
than a M.
It appears the underlying IMF first identified by Salpeter (1955) has a
large scatter caused by factors such as stellar dynamical processes, binaries,
star formation feedback and environment (Kroupa 2002). More massive stars
are thought to have formed in the past Chabrier (2003), when lower metallic-
ity meant the rate of cooling of clouds was slower, so the clouds had time to
get bigger before they cooled and condensed. However the MW and LMC do
not show dramatically different IMFs despite the metallicity difference (Kroupa
2002) indicating the IMF has only a weak [Fe/H] dependance. Large clusters
> 106Mwould seem to favour a top heavy IMF (Murray 2009). These systems
become heated and optically thick to infrared radiation driving the Jean’s mass
larger than one M.
Observations provide the evidence to constrain the IMF in our Galaxy and
other systems. Modern multi-object fibre spectrometers now enable studies of
large samples, (e.g Lane et al. 2011; Sze´kely et al. 2007). Most stars form
in systems rather than in isolation and this complicates the estimation of the
IMF. The IMF estimation for systems contain assumptions such as constant
birth rate over the system’s history, which are unlikely to be true. The SFH
links the Present Day Mass Function (PDMF) with the IMF.
As part of their bottom-up Galaxy formation hypothesis Searle and Zinn
(1978) postulated that the halo globular cluster population formed in isolation
from the MW proto-disk, as no radial gradient in metallicity is seen referenced
to the MW centre. The gas from which they formed fell into the forming MW
disk taking kinetic energy with it and leaving the globulars in isolated orbits in
the MW gravitational field.
It is in the horizontal branch that the variation in metallicity appears most
evident in GC studies. For a given metallicity, the position of a star along
the red-blue dimension of the HB is attributable to variation in mass primarily
(Faulkner 1966). Mass variation in a single stellar population in a GC is prob-
ably due to variation in mass loss on the RGB ascent. Mass loss is observed to
occur near the top of the RGB while the mechanisms are not well understood
(Origlia et al. 2002). The mass loss occurs before the helium flash, in which the
He core and outer shell do not appear to mix.
The more metal poor clusters have a bluer HB than the more metal rich in
general. This morphology is due primarily to abundances (Marino et al. 2013).
While He to C fusion is the primary reaction in the core, the fusion of H in a
shell surrounding the core via the CNO cycle affects the structure of an HB star.
The scarcity of CNO catalysts in a metal poor star reduce the contribution of
the H fusion shell to the stellar flux for a given mass He core (Faulkner 1966).
Hydrostatic equilibrium makes the metal poor star more compact for its flux
and so it is hotter and bluer. Additionally metal poor stellar atmospheres have
less ionised metals to provide electrons and their lower H− opacity allows more
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energy to radiate out of the star, without forcing the atmosphere outward by
radiation pressure, again keeping them compact. This makes them bluer at the
same energy flux than a more metal rich object.
There is another effect, the second parameter effect (Lee et al. 1990), where
the HB morphology seems to depend on age. Age estimates from CMD studies
using the TO seem to show redder HB types with increasing age. This is also
reflected in the radial distribution of halo objects (Lee 1992). While the second
parameter effect remains controversial, it does appear to be a real effect. Age
is perhaps not the only effect, with mass loss, environment, stellar rotation
and other parameters playing some role, but age seems to be the main second
parameter.
The effect of binaries is hard to model in single stellar population models. At
least 60% of MS stars are in binary or multiple systems, (Duquennoy and Mayor
1991). Mass transfer in binary systems explains blue-stragglers lagging on the
blue side of the MS turn-off. Most IMF models ignore such details and take a
broad brush approach. While the concept of a single stellar population is a vital
theoretical tool, it may not be a realistic description of globular clusters. The
single stellar population remains however the foundation of our understanding
of stellar evolution in groups. Multiple populations within GCs are considered
in the next section.
Where there is variation in Fe abundances it is informative to compare abun-
dances of other fusion products as a function of Fe. Comparison of [C/Fe]
, [N/Fe] and [O/Fe] abundances where the sum C+N+O = constant, shows
that the CNO stellar nucleosynthesis cycle has been at work. Similarly evi-
dence of Mg-Al cycling in abundances implies extremely high temperatures (>
70× 106 K) which requires massive stars. Imbalances in CNO ratios indicate
pollution from stellar feedback or primordial contamination.
Some GCs have been shown to be associated with stellar streams and linked
to their host galaxies by chemical tagging. Other GCs are ancient relics of
the first formation episode of the MW. Yet others are uniquely associated with
extant galaxies like the LMC. This study looks at the little studied GC IC 4499
in order to understand its place in the MW halo.
1.4.2 Multiple Populations in Globular Clusters
Globular clusters have been important laboratories for stellar evolution because
their single stellar populations represent a model of coeval generation with mass
alone as a variable, distributed according to a single IMF. Convective mixing,
nucleosynthesis and mass loss are able to be studied as a function of mass. Mod-
ern studies have shown that this is only a first approximation, and that detailed
spectroscopic and photometric examination has revealed multiple generations
of stars within GCs (Gratton et al. 2012, and references therein). The first clus-
ters to reveal multiple populations were massive GCs such as 47 Tucanae (e.g.
Cannon et al. 1998; Lane et al. 2010), ω Centauri (Bedin et al. 2004; Sollima
et al. 2007), and M54 (Carretta et al. 2010). Many GCs have now been shown
exhibit more than a single population (Milone et al. 2013).
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Liight element Li, C, N abundance variations in GCs have been known for
a long time (Kraft 1979; Hesser and Harris 1979; Da Costa 1997). Abundance
variations have been seen seen in evolved RGB and un-evolved MS stars (Can-
non et al. 1998; Gratton et al. 2001). MS stars do not have the convective
mechanisms to bring advanced nucleosynthesis products from the core to the
surface. This points to fundamental differences in populations that are hard
to ascribe to factors such as self-enrichment, fast rotating stars, poor mixing
of primordial gas or cluster merging. While there are valid hypotheses con-
cerning the role of peculiar environmental effects and self-pollution (Bekki and
Chiba 2007a), the consensus is moving toward multiple generations being the
explanation for imhomogeneities (Milone et al. 2013).
While light element variations are common, heavy iron peak element varia-
tions are not seen except in massive cluster environments (Cohen 1981; Joo and
Lee 2013b). Heavy element Ca and Si enhancements seen in all cluster stars,
show that supernovae Type II (SNe II) have been the dominant polluters in the
GC environment (Gratton et al. 2004). Massive clusters like M4 (Marino et al.
2008), M22 (Marino et al. 2013) show clear evidence of multiple populations
and indicate higher star forming efficiency goes with higher mass.. MW GCs
have a single [Fe/H] except for ω Centauri (Sollima et al. 2007) which leads
some to think this extremely massive cluster may contain accreted populations
or be the remnant core of a dwarf galaxy (Bekki and Norris 2006).
Examples of triple MS have been found within the narrow colour spread
MS of NGC 2808 MS (Piotto et al. 2007) and NGC 6752 (Milone et al. 2013).
Multiple populations were first noticed in massive clusters but now it appears
true for most GCs (Gratton et al. 2012). Those in the Magellanic system show
the some extreme multiple populations with several MS TO (Glatt et al. 2008;
Milone et al. 2009), where a gas rich environment and tidal interactions may
have triggered several episodes of star formation.
Gratton et al. (2012) propose three generations to explain light element
abundances within a typical GC; an extreme primordial precursor generation
in the very early universe which are no longer extant; a first generation of
“polluters” which enriched the cluster to the present day level, of which a per-
centage are still visible today; and thirdly a second generation of Population
II stars which now form the bulk of stars in GCs at typical low metallicity.
The extreme progenitor Population III were massive and quickly pre-enriched
the cluster molecular cloud with SNe II iron-peak and α elements, raising the
metallicity to the present level (Bekki and Chiba 2007b). Then the first gen-
eration “polluters” gave rise to the light element abundance anomalies in the
second generation. The first generation represent typically around 30% of the
GC populations today (Carretta et al. 2010).
The first generation is proposed to have been more massive and burnt H
at higher temperatures in order to generate observed light element abundances
through proton capture processes (Denisenkov and Denisenkova 1989). The
Na-O and especially the Mg-Al anti-correlation seen in many clusters require
higher temperature than achieved by the present population, implying the first
generation polluters were more massive, but not so massive as to create heavy
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elements (Carretta et al. 2010). This means either the IMF was more top heavy
for the first generation or the GCs were more massive (Prantzos and Charbonnel
2006), which would imply that GCs have been “evaporating”, losing stars to the
tides of the MW. Carretta et al. (2010) estimate clusters must have been twenty
times larger than at present. Evaporation has removed most of the “polluter”
generation, while the Population II stars reside in what was once the dense
core of the cluster. Mackey and van den Bergh (2005) estimate the present GC
population may represent only two-thirds of the original.
The metal-poor halo stars may be the evaporated remnant “polluters” of the
once extremely massive GCs (Helmi 2008). The gas as well as the first generation
stars evaporated into the halo ending star formation within GCs. The question
of dark matter and the “missing satellites” is still a problem for ΛCDM models
(Klypin et al. 1999; Moore 1996; Moore et al. 2006). More massive early GCs
could represent at least part of the the “missing satellites”. These multiple
generations within GCs occurred within a short cosmological time in the early
universe. Detailed archaeology of multiple star formation episodes in GCs will
reveal important clues as to the role of effects like stellar feedback and mass loss
in suppressing the formation of more satellite galaxies in dark matter haloes.
The Na-O anti-correlation is not seen in galactic or halo field stars (Gratton
et al. 2012). Only stars in GCs exhibit the O-Na anti-correlation abundance
anomaly (Gratton et al. 2001) indicating some peculiar GC environmental effect
which remains unexplained. The Na-O abundance signature is proposed as a
definition of GC populations by Carretta et al. (2010).
IC 4499, one subject of this thesis, does not show photometric colour spreads
that would multiple generations (Sarajedini 1993; Ferraro et al. 1995; Walker
and Nemec 1996; Walker et al. 2011). A high resolution spectroscopic study that
might identify abundance anomalies in IC 4499 has not yet been undertaken.
1.4.3 IC 4499, A Special Globular Cluster?
IC 4499 is noteworthy in having an extremely high specific frequency of RR Lyrae
variables; its value of SRR = 113.4
1 is second only to the smaller Fornax 1 glob-
ular cluster (Mackey and Gilmore 2003) and the tiny outer halo cluster Pal 13
(Harris 1996). About 100 RR Lyrae stars have been identified and represent
≈68% of the the total HB population (Sarajedini 1993). Most of the RR Lyrae
have P ≤0.6 d, making it an Oosterhoff Type I (OoI) cluster (Clement et al.
2001; Walker and Nemec 1996). Metallicity may be an important factor in de-
termining the Oosterhoff classification of a cluster, as most OoI clusters tend
to be more metal-rich than [Fe/H] = −1.8 on the ZW84 scale, while Ooster-
hoff Type II (OoII) clusters more metal-poor (Sandage 1993). It is thought
that shorter-period RR Lyrae stars have not evolved off of the zero-age hori-
zontal branch (ZAHB), while the longer-period variables are evolving through
the RR Lyrae instability strip on the way to the asymptotic giant branch. The
measurement of accurate cluster parameters in this study therefore has the po-
1SRR ≡ NRR100.4(7.5+Mv) for a cluster of absolute magnitude MV with NRR variables.
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tential to shed light on the evolutionary pathways of horizontal branch stars
(e.g., Clement and Rowe 2000; Pritzl et al. 2000).
IC 4499 has been proposed as a “young” globular cluster with an age 2-4
Gyr younger than clusters with similar metallicity (Ferraro et al. 1995), where
age is established by differential magnitude and colour comparisons with the
TO. The method compares magnitude difference between the HB and TO, and
the colour difference between the RGB and TO. In clusters of similar metallic-
ity, the magnitude difference increases and the colour difference decreases with
increasing age (Lee et al. 1990). Ferraro et al. (1995) adopt a value of [Fe/H]
= −1.8 on the ZW84 scale in their work, and find that IC 4499 is essentially
coeval with Arp 2 and NGC 5897. However, this matter is not settled, as the
similarly-derived compilation of 55 globular cluster ages by Salaris and Weiss
(2002) finds an age of 12.1 ±1.4 Gyr for IC 4499, not significantly younger than
the average of metal-poor clusters. While the latter study assumed the cluster
was 0.3 dex more metal-rich than Ferraro et al. (1995) did, they arrived at a
similar conclusion about the cluster coevality with Arp 2 and NGC 5897. Care-
ful consideration of the cluster metallicity must be made in order to help resolve
this discrepancy, which motivated this study.
Fusi Pecci et al. (1995) noted that IC 4499 lies near a great circle around the
Galaxy that passes through other possibly “young” globulars, including Pal 12
and Rup 106. The suggestion that IC 4499 was part of a large remnant structure
was a forerunner of the modern studies of halo substructure based on searching
for tidal streams and RGB overdensities. In the past decade there has been a
rapidly growing awareness of substructures in the Galactic halo (e.g., Morrison
et al. 2000; Yanny 2000; Vivas et al. 2001; Newberg et al. 2002). Apart from
the tidal stream of the disrupting Sgr dwarf spheroidal, one of the strongest
structures detected in photometric surveys is the Galactic Anticentre Stellar
Structure, which is also known as the Monoceros tidal stream or ring (e.g.,
Newberg et al. 2002; Ibata et al. 2003).
The Monoceros stream may be associated with the tidal disruption of a
dwarf galaxy close to the plane of the MW, possibly the Canis Major dwarf
irregular (e.g., Helmi et al. 2003; Martin et al. 2005); it is also possible that the
Monoceros stream is a dynamical structure intrinsic to the thick disk of the MW
(e.g., Piatti and Claria´ 2008; Younger et al. 2008). Several MW star clusters
have been suggested as members of the Monoceros stream (Martin et al. 2004;
Frinchaboy et al. 2004; Pen˜arrubia et al. 2005; Piatti and Claria´ 2008; Warren
and Cole 2009, and numerous references therein), and this could have strong
impacts on studies of the statistics of the MW globular cluster population if a
number of clusters are found to have extragalactic origins.
Pen˜arrubia et al. (2005) propose several clusters as members of the Mono-
ceros stream based on position and velocity. IC 4499 is projected in the right
position, but Pen˜arrubia et al. (2005) do not publish a velocity for the cluster,
although it appears to be plotted around 0 km s−1 in their Figure 11 bottom
panel. This study was designed to take a spectroscopic sample of RGB stars
in IC 4499 to place the cluster in velocity space and chemically “tag” it to
constrain its possible membership in tidal streams.
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2
Spectroscopy of Red Giant Atmospheres
This study employed the techniques of spectroscopy for extracting physical in-
formation from stellar light. Spectroscopy is one of the fundamental observa-
tional methods in astronomy, along with photometry and astrometry. In this
study photometric and astrometric catalogues were used to identify and locate
populations for spectroscopic observations.
Spectroscopy is the measurement of emission intensity across a range of
wavelengths. The intensity over the full range of wavelengths follows a Planck
blackbody emission profile which is dependent on temperature. In addition
to the continuum or average emission over the observed range of wavelengths
there are narrow-band features due to atomic transition processes at discreet
photon energies. These lines are either an excess of intensity referenced to the
continuum due to emission of light, or a deficit in intensity due to absorption.
Both processes are due to the interaction of matter with the electromagnetic
field. This study is primarily concerned with the infrared absorption features
due to ionised calcium in stellar atmospheres. This feature is strong in late-life
RGB stars and is thus easily observable even with low to moderate resolution
spectra.
As long as the photosphere of the star remains at equilibrium then it behaves
as a black-body emitter. In a star the emission is equal to the supplied energy
from the interior over long periods of time, and energy in the photosphere is well
mixed, the condition of local thermodynamic equilibrium (LTE). The Planck law
gives the radiance in Watts per steradian per cubic metre as,
B(T, λ) =
2hc2
λ5
(e
hc
λkBT − 1)−1
 2.1
Where kB is the Boltzmann constant, h is the Planck constant and c is the speed
of light. To find the peak wavelength at a given temperature the derivative of
the Planck law is set equal to zero, and gives λ ≈ 2.898×10−3T [m] which is Wien’s
Law. For the temperature of a K type red giant star photosphere around 4000
Kelvin the above equation gives a wavelength of 724.5 nm (7245 A˚) which lies
in the near-infrared. Near this peak the continuum is less steep for RGB stars
and this is where the Ca II triplet is found.
Photometric and astrometric catalogues are used to select RGB stars for
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observation in the field of interest. Catalogues of astrometric positions and
magnitudes date back at least two millennia to Hipparchus of Rhodes (150
BC). Photometry gives the brightness of stars in different colours by employing
filters that admit only a limited band of the electromagnetic spectrum. There
are various systems of filters, each attuned to different astrophysical parameters.
While there are 167 different scientifically recognised systems (Moro and Munari
2000) there are a few that are commonly used in large surveys and databases.
The various systems began to be rigorously standardised with the advent of
photo-electric measurement techniques that superseded the photographic film
era.
The Johnson (and Morgan) (Johnson and Morgan 1953), filter system is the
most widely employed. The wide band B U V filters cover the optical wave-
lengths. The system was later extended to very red R, and I. Eventually infrared
J,H,K,L,M,N, (Johnson 1965) bands were added to form the complete Arizona
system covering even the coolest stellar objects such as M-dwarfs and carbon
stars. Many observatories have their own definitions of the infrared bands. The
AAO and European Southern Observatory along with other leading observato-
ries have specific bandwidths and centres in their own systems. Other systems
are often modifications to the Johnson system and often overlap Johnson bands.
The Cousins system for example has the same Johnson V band but identically
named yet differently defined R and I bands (Cousins 1980). The various sys-
tems are well defined so they can be cross referenced and calibrated with other
systems.
The magnitude observed, the apparent magnitude, depends on the fraction of
light received here on earth from the total bolometric magnitude of the star and
is a function of distance for a given luminosity star. The apparent magnitude of
the star observed is the integrated flux over some chosen band in a photometric
system. The Bolometric magnitude is the total energy output as electromagnetic
waves of the star across all wavelengths according to Planck’s radiation law.
Given a distance measure to the star, a parallactic distance to a nearby star for
example, one can translate the apparent magnitude into an absolute magnitude,
the apparent magnitude at 10 pc (Bo¨hm-Vitense 1989). The colour of a star, the
part of the spectrum showing the peak of emission indicates a temperature. The
temperature is also given by the ratio of magnitudes in photometric bands. This
temperature allows us to use Planck’s law to calculate a bolometric magnitude
or luminosity from the absolute magnitude of the star.
Even the nearest stars are so distant that the largest telescopes show them
only as points in the sky. Only Betelgeuse, a huge 1000 R giant star which is
relatively close at ≈ 650 ly has been directly imaged resolved to show angular
size (Gilliland and Dupree 1996). Even a zero dimensional point of light can
reveal much through its spectrum. Electromagnetism and quantum mechan-
ics, combined with stellar nucleosynthesis theory and physical models of stellar
interiors and atmospheres allow the interpretation of stellar processes through
their spectra.
The 2MASS catalogue which has an astrometric accuracy of about ∼ 0.1
arcseconds was employed to select RGB stars (Skrutskie 2006). The 2MASS
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infrared photometric bandpasses J(1.25 µm), Ks(2.16 µm) (1.25 µm) were em-
ployed to create CMD’s for the IC 4499 selection. The IRSF Magellanic Clouds
Point Source Catalogue uses the same bandpasses with the same astrometric
accuracy and was employed to select targets and configure the AAOmega fibre
positioner (Kato et al. 2007).
2.1 Stellar Nucleosynthesis, Evolution and Abundances
The older a star is, the less heavy elements it contains in general . The inverse
correlation between the ages of stars and their metallicities was a key piece of
evidence pointing to the creation of elements heavier than hydrogen inside stars,
rather than the Big Bang.
Stellar evolution begins with condensation of the proto-star from primordial
gas and dust over the order of millions of years. The enrichment of the original
material by previous stellar generations affect the evolution of a star. Higher
metallicity enhances cooling, and reduces the Jean’s mass, creating smaller stars
in general. Very low metallicity stars in the universe are thought to have been
more massive for this reason. After the initial formation the star will begin
to fuse hydrogen into helium at its core when the temperature reaches about
107 K. The star spends most of its life on here on the main sequence (MS).
A star the mass of the sun will spend about 1010 years on the MS, where
hydrogen fusion into helium occurs primarily through various proton-proton
chains (Bethe 1939). A star ten times as massive will spend about 107 years,
where the CNO cycle is the more important fusion process (Cameron 1957).
The exception is very metal poor stars that lack the C, N and O catalysts. The
end of the MS stage occurs when the hydrogen abundance has been exhausted
to about 5% in the core leaving a mainly helium core (Iben 1967).
The cessation of core fusion means radiation pressure drops leaving the grav-
itational force unbalanced. The star undergoes core contraction and compres-
sion. Hydrogen to helium fusion still occurs in the region surrounding the core
driving the outer layers away from the core and resulting in expansion of the star
to the red giant phase. The outer atmosphere is at very large radii, typically
100 times the original radius. The temperature at the distant surface drops to
3000 K to 5000 K. Despite a lower temperature the massive surface area of the
red giant star results in higher luminosity than the MS stage.
The star spends about a tenth of its life in this phase. Core growth and
contraction continue slowly and the star expands and grows more luminous,
climbing the giant branch. When the core contraction drives temperatures up
to about 108 K then fusion of helium into carbon via the triple-α fusion process
can begin (Iben 1967). This is known as helium flash, which marks the peak
luminosity of the RGB , the tip of the branch on a colour magnitude diagram.
The star then settles into a new phase of stable fusion on the horizontal branch,
which sees the star contract slightly and the temperature rise.
A star’s position on the ZAHB depends on its mass primarily, with more
massive stars burning hotter at the blue and of the HB. The HB morphology
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also depends also on metallicity, with metal rich clusters having redder HB and
metal poor bluer (Armandroff and Zinn 1988). The main effect of metallicity
is increased HB luminosity with age referenced to the TO. Older stars tend to
be more massive and luminous. There is a region between the red and blue
sometimes referred to as a gap in the HB. The gap is not due to a lack of stars,
it is that the stars at these colours are variables. The variables do not appear on
snapshot CMDs as their luminosity has not been averaged and plotted, leaving
an empty region. This region is also known as the instability strip as it is
populated by Cepheid and RR-Lyrae variable stars.
The RR-Lyrae have two modes of periodicity (Oosterhoff 1939). This has
resulted in a classification of populations based on the period, the OoI, with
mean period ≈0.5 days and more metal rich with [Fe/H] ≥ -1.65 and OoII with
mean period 0.64 days and metal poor with [Fe/H] ≤ -1.65. One more classifica-
tion has been proposed, a third Oosterhoff Type III (OoIII) covering some metal
rich clusters NGC 6388 and NGC 6411 with OoII periods (Armandroff and Zinn
1988; Pritzl et al. 2000). While the majority of of halo GCs can be categorised
this way some clusters, such as IC 4499 are intermediate in the period range
0.58 - 0.62 days and are Oosterhoff intermediate (OoInt).
The Oosterhoff dichotomy may hold clues to the evolution of the galaxy.
Most dSph GCs fall in the OoInt category, as do the LMC clusters (Catelan
2009). The metal poor halo GCs display a dichotomy between OoI and OoII.
The Oosterhoff type may be another clue to the origin of GCs like IC 4499,
which is extremely rich in RR-Lyrae. There is a second parameter effect on
HB morphology that is less well understood than the age-metallicity relation,
which appears to be related to the age of the cluster and its distance from the
centre of the Galaxy. It appears that some extreme outer halo objects which
appear very old and metal-poor have redder HB than expected (Lee 1992). This
age-Galactocentric radial effect, probably contains a clue the evolution of the
Galaxy.
The HB stage is relatively short-lived. Even more short-lived is the asymp-
totic giant phase, analogous to the red giant phase, but at larger radii and higher
luminosity. The helium in the core is spent, leaving a carbon and oxygen ash
core. Helium burning around the core creates an even larger radius star with
higher than red giant luminosity.
The late giant stages, when there is enough carbon abundance, allows the
creation of α elements by the building of nuclei whose mass numbers are mul-
tiples of four, i.e. multiples of the He nucleus. Core collapse SNe II are chiefly
responsible for the generation of the abundances of α elements. The prepon-
derance of massive stars in the early universe, meant that SNe II were more
important. Massive stars only last on the order of millions of years before going
supernova. The evolution of stars to white dwarfs, the progenitors of supernovae
Type Ia (SNe Ia), is of the order of billions of years.
At the end of the giant phase the outer atmosphere may be blown off to
form a planetary nebula; the remaining electron degenerate pressure core of
carbon and oxygen becomes a white dwarf star. The star has a limit of about
1.4 solar masses, depending on rotational support for more mass. Accretion
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of additional material from a binary companion, for example, could lead to the
heating of the degenerate white dwarf core. The core cannot increase in pressure
so the temperature runs away. The temperature is high enough to allow carbon
and oxygen fusion and the output from the fusion cannot be suppressed by
pressure, this leads to runaway fusion in a few seconds and a SNe Ia (Khokhlov
et al. 1993). The known mass of the progenitor star gives an energy for the
unbinding of the star in the explosion of about 1 J to 2× 1044 J. This results in
a consistent luminosity for the SNe Ia, an absolute magnitude of -19.3. For this
reason SNe Ia are used as standard candles for distance estimates to galaxies in
the local universe. SNe Ia create mainly iron peak elements.
The red giant phase can also see the slow capture of neutrons over millions of
years by some nucleides to form heavier elements, the s-process. The neutrons
are the by-products of other fusion reactions, principally helium fusion. The
release of a gamma ray allows the heavy neutron capture isotopes to decay to
stable elements. The slow process means the s-process elements stay close to
proton-neutron equilibrium. At certain neutron nucleon numbers 50, 82, 126,
the nucleus has an especially low neutron capture cross-section, making it hard
to capture neutrons and nucleosynthesis products form an abundance peak at
these atomic numbers (Reeves 1968).
In contrast the r-process is a rapid accumulation of neutrons which pushes
the isotopes quickly to a neutron-rich state before gamma decay occurs. They
move further from equilibrium than the s-process elements to higher neutron-
rich states (Seeger et al. 1965). The neutron flux needed for the r-process means
it is restricted to SNe explosions or very extreme cores of massive stars.
As with the s-process, the same special neutron numbers represent a very
small capture cross section. The r-process at this point becomes like the s-
process, with single neutron additions and gamma decays of a neutron to a pro-
ton. These represent a kind of phase change between allowed r-process proton-
neutron abundances. If the neutron bombardment ceases, then these r-process
bottlenecks result in an over abundance at these special neutron counts. Be-
cause they are proton deficient compared to the s-process abundance peaks they
peak at a lower atomic number 6 -12 below the s-process peak (Reeves 1968).
This results in a double abundance peak, the lower one due to the r-process.
The proton rich isotopes were originally explained by Burbidge et al. (1957)
by similar proton capture mechanisms to the proposed neutron capture. It
was soon realised that their charges on large nuclei meant the electro-magnetic
repulsion was too great for the p-process to occur. It is still a subject of current
research.
2.2 Spectral classes
This study samples red giant spectral class KII to KIII stars in IC 4499 and
the LMC. Spectral classes describe the temperature and atmospheric ionisation
state of the stellar corona as well as the type of star. The Harvard classes,
denoted by an alphabetic letter, are linear categories based on the temperature
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of the star. Originally alphabetically ordered in the nineteenth century, sub-
sequent physical knowledge of atomic processes has resulted in today’s seven
classes O,B,A,F,G,K,M. The Yerkes luminosity classes, denoted by a Roman
numeral, are descriptive of the size measured by luminosity and describe the
type of star. The Yerkes classes differentiate stars with similar temperatures
but different sizes. A red giant with the same surface temperature as a dwarf
star is a very different object.
K denotes a red star with surface temperature between 3700 K to 5200 K,
and II indicates a bright giant star and III a giant star. Some MII-III are
sampled, many of which are seen to be carbon stars. The carbon absorption
lines are numerous and prominent and at first appear to be corrupt or faulty
spectra with the strong Ca II lines almost obscured by the many ions of carbon.
The sample was chosen from a colour magnitude diagram, formed by plotting
temperature J−Ks and luminosity measure Ks. The temperature range covers
K stellar types and the luminosity range covers the tip of the RGB, and some of
the asymptotic branch. Dwarf stars in the LMC and IC 4499 are too faint, and
lie below detection limits. Some foreground Galactic dwarf star contamination
is expected, their proximity making their apparent magnitude similar to distant
giants. These MW dwarfs are distinguished in this study from the globular
cluster by their velocities, but some small contamination is expected.
Magnesium absorption lines unique to dwarf stars can be used to distinguish
them from giants (Walker et al. 2011). Increased gravity is experienced at the
surface of dwarf stars compared to giants. In the atmosphere the increased
density and pressure of a dwarf results in lines that are broadened compared to
a giant at the same temperature. This surface gravity log(g) effect on the Ca II
triplet can be used to distinguish dwarfs from giants. But in this study velocity
is the primary discriminator, with metallicity from the Ca II triplet as a second
parameter.
2.3 Stellar Physics and Calcium Triplet Spectroscopy
Stellar nucleosynthesis theory estimates the abundances of elements which can
be created in a star of a given mass. The various fusion and capture processes
which give rise to the elements present in the stellar atmosphere are well under-
stood in theory (Burbidge et al. 1957). Less clear are the plasma physics and
magnetohydrodynamic currents that transport the elements from the fusion re-
gions to the photosphere. Once in the photosphere models of stellar atmospheres
are required to account for the ionisation of elements, absorption and opacity
to photons, to explain the observed spectral features.
What was clear from the earliest spectroscopic studies was a marked abun-
dance difference between certain populations which were denoted Population I
and Population II stars. The more virialised and thermal nature of the kine-
matics of Population II stars led early authors to propose a single collapse of a
proto-cloud to form the galaxy (Eggen et al. 1962). Subsequently this paradigm
has been turned inside out inside out with hierarchical formation of the Galaxy
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demonstrated by spectroscopic evidence of abundance patterns. Spectroscopy
remains a fundamental tool in Galactic archaeology, piecing together the history
of the MW from abundances and kinematics.
Stellar abundances are measured with a scale that relates the amount of
iron to the amount of primordial hydrogen fusion fuel. The solar abundance
is the reference point for the metallicity scale. The ratio is taken of the ratio
of metals in the star to hydrogen. This is then taken as a ratio of the solar
abundance of metals to hydrogen. The base 10 logarithm of this ratio is then
quoted as the metallicity in the literature as dex for decimal exponent. If it has
the same metallicity as the sun the ratio of stellar to solar abundance is one,
and the logarithm is zero. So the abundance is quoted as [Fe/H] = 0 . A typical
Population II star in a globular cluster may have an abundance of [Fe/H] =
-1.0, which means its metal abundance is one tenth of solar, while [Fe/H] = -2.0
stars have abundances one hundredth of solar.
Iron is a proxy for all fusion products heavier than hydrogen, referred to
rather inaccurately in the astronomical literature as “metals”. A nickel isotope,
which decays to iron, is the last possible product of fusion reactions with a
positive net energy budget; fusion of elements to form heavier nuclei costs energy.
Elements and neutron rich isotopes of elements heavier than iron are in part
created by the rapid capture of neutrons in SNe II, the r-process (Seeger et al.
1965). Slow neutron capture in AGB stars with helium burning shells, the s-
process, is the other way of fusing of elements heavier than iron (Schwarzschild
and Ha¨rm 1967). Both processes play an equally important role in abundances
of heavy elements (Cameron 1982).
Slow neutron capture requires the presence of r-process nuclei to begin with.
Thus the r-process is primary and increases with importance earlier in the uni-
verse. Late life helium burning stars have strong stellar winds that distribute
the s-process elements into the interstellar medium. The r-process elements
are injected through explosive SNe events as well as winds. These elements
take time to mix through the medium, to then be incorporated into new stellar
populations.
Important to this work is the presence of the α-elements (C, N, O, Mg, Ca,
Na, Ne, S, Si, Ti) (Mendel et al. 2007). α-process elements are formed by the
fusion of He α nuclei with other compound α nuclei . Silicon and calcium are
pure α-process elements, they are not involved in other nucleosynthesis reactions
as are oxygen and magnesium, for example. Carbon arises mainly from the
triple-α process, and Na from 126 C +
12
6 C. Silicon is only briefly involved in the
fusion of iron in the final moments of super-massive stars. α-process elements
are formed by nucleosynthesis within stars and in core collapse SNe II explosions.
SNe II are most important in the early universe for creating and distributing
O, and Ne to Ca (Maeder 1992).
In addition r-process elements are created in the core collapse. In early
populations [α/Fe] is greater than zero dex where enrichment is dominated by
SNe II. Later, as smaller stars become electron-degenerate white dwarfs they
can accrete material until they become SNe Ia and mainly produce iron peak
elements (Cr, Mn, Fe, Co, Ni, Cu, Zn). The point where the SNe Ia come into
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play marks a decline in the [α/Fe] ratio relative to [Fe/H] (Mucciarelli et al.
2013). Locally in the MW [α/Fe] ≈ 0.3 for [α/H] ≤ −1.0, then [α/Fe] goes
from 0.3 to 0 from [α/H] ≈ −1.0 to 0.0 (Mendel et al. 2007). The point of
decline in the [α/Fe] ratio relative to [Fe/H] is different for each galaxy and
cluster and depends on the IMF and SFH.
As Ca is purely an α element it makes a good indicator of global metallic-
ity, not being involved in other nucleosynthesis processes. The Ca II triplet is
empirically calibrated by comparing the observed line widths of objects whose
metallicity is known from high resolution spectroscopy. The Ca II triplet lines
arise from absorption by an excited state, so corrections for interstellar extinc-
tion are not as important as for the Ca II H and K blue and green lines that
absorb at the ground state like the ISM (Armandroff and Zinn 1988).
Surface gravity g is related by hydrostatic equilibrium to the gas pressure
Pg and density ρ in the radial direction z,
dPg
dz
= −gρ
 2.2
Surface gravity depends to a lesser extent upon electron pressure Pe in hy-
drogen dominated atmospheres. The presence of the H− ion is the principal
opacity factor in late-life RGB stars as it is ionised by λ < 1.44 µm optical to
infrared flux. Pe does affect opacity and radiative equilibrium which in turn
can have an effect on stellar structure (Bo¨hm-Vitense 1989). Turbulent pres-
sure has only been recently quantified and may contribute as much as 25% of
surface pressure in RGB stars (Ludwig and Kucˇinskas 2012). As surface gravity
decreases, so does electron pressure, and neutral calcium is more easily ionised,
which serves to increase the strength of Ca II lines. Ca II triplet line widths
are related to surface gravity by these pressures and by the metallicity Z. In
late type stars, Ca II triplet equivalent width is proportional to ZPg/P
2
e (Cohen
1978).
The Ca II triplet strength was at first thought to be unrelated to metallicity.
The first attempts to calibrate the Ca II triplet were for use as a luminosity
measure in stellar population synthesis studies, determining the ratio of dwarfs
to giants. Most galaxies have maximum energy output near 1 µm wavelength.
The Ca II triplet is the strongest feature in this region that doesn’t suffer from
atmospheric absorption contamination and is easily observable in fainter, distant
extra-galactic objects. The first quantitative studies of the effects of temper-
ature and luminosity on the near-infrared spectra, including the Ca II triplet
were undertaken in the late sixties and early seventies.
Cohen (1978) found a positive correlation of temperature Teff and Ca II
triplet strength, using a colour index V −K to represent Teff . The Ca II triplet
is much stronger in red giant stars compared to dwarfs due to the low pressure
and higher ionization in giant atmospheres. Cohen (1978) first proposed the
Ca II triplet as a metallicity measure, once the effective temperature effect
has been taken into account. The dependence on Teff is a consequence of the
increase of the main opacity factor, the H− ion with increasing temperature.
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Looking at a range of stellar classes Jones et al. (1984) found a simple rela-
tionship between Width (Ca II triplet) and log g, where δlog g = 1 gives a 1 A˚
change in equivalent width of the Ca II triplet, from M5 though to F0 spectral
classes. However they found only a weak dependence on metallicity, with metal
poor stars having slightly weaker lines. A later reanalysis of this data in a meta
study found that there was in fact an effect of metallicity on the width of the
Ca II triplet feature (Alloin and Bica 1989).
The interest in the Ca II triplet increased as silicon array detectors became
common and were also more efficient in the infrared. This wavelength region is
dominated by older populations of stars. The Ca II triplet feature is prominent
in stars of spectral type F5 and redder (Diaz et al. 1989). In the integrated light
from galaxies the Ca II triplet wavelength region is dominated by giants (Alloin
and Bica 1989).
Theoretical models of line formation have been difficult. The wings of the
lines are formed deep in the photosphere, whereas the core of the line is formed
in the lower chromosphere (Linsky et al. 1970). The chromosphere in the sun
at least is less dense and cooler at lower heights and gets hotter and denser as
height increases. The opposite is true of the photosphere. In the 80’s reliable
models that assumed LTE were only available for the photosphere.
LTE models were formulated that gave calculations of line wing profiles in
good agreement with observations (Smith and Drake 1987; Smith and Drake
1990). They also suggest that calcium would be a consistent measure of [α/Fe]
abundances. They found that the Ca II triplet wings are actually more sensi-
tive to [Fe/H] than log g. This is because electron and gas pressure increase
together with increased gravity, but their effects vary inversely. Higher gas pres-
sure weakens the line strength (Jørgensen et al. 1992), lower electron pressure
increases absorption and enhances the lines. Increased metallicity also increases
the electron density, as ionized Ca, Mg, Fe, and Si provide the electrons in the
photosphere. The same fractional change in surface gravity has less effect than
the same change in metallicity.
In environments where [α/Fe] abundance is super-solar, the elements mag-
nesium and silicon, along with calcium contribute most of the electrons in the
photosphere along with iron, in stars less than 6000 K Smith and Drake (1987).
Ca is a highly robust proxy for metallicity in stars below 6000K for this reason.
Cooler stars than M3 have strong molecular lines in this near-infrared region
due to TiO and CN (Kordopatis et al. 2011). Because the [α/Fe] ratio is roughly
constant for low metallicity [Fe/H] ≤ -1.0 stars in the MW, calcium is an ap-
propriate metallicity measure for metal poor objects. The [α/Fe] plateau occurs
at a lower metallicty in the LMC and at different points in different objects,
depending on the influence of SNe enrichment history. The Ca II triplet still
gives robust results in the LMC (Van der Swaelmen et al. 2013).
The effect of metallicity on line wings increases with temperature and with
decreasing surface gravity (Smith and Drake 1990) so RGB stars are an ideal
environment for Ca II triplet as a metallicity measure. Unlike Jones et al.
(1984), Smith and Drake (1990) didn’t find a simple relation with log g, but
like Cohen (1978) found that temperature plays a role and also show metallicity
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needs to be taken into account.
The Ca II triplet was first applied to RGB stars in globular clusters for all
the reasons outlined above. Authors in observational studies usually take the
sum of the equivalent widths of the two strongest lines, 8542 and 8662 A˚, in
order to increase signal to noise and to reduce the effect of irrelevant lines. While
high resolution spectra can give detailed abundance estimates, this is difficult
for faint distant objects such as halo clusters and galaxies. Here the Ca II triplet
is most effective. Armandroff and Da Costa (1991) used Gaussian fitting to the
line profiles. In this study it is found that a Gaussian fit underestimates the
wings, which are most sensitive to metallicity. Other authors also found that
Gaussian alone underestimates the line width (Cole et al. 2004; Suntzeff et al.
1992). Cole et al. (2004) found that the sum of a Gaussian and a Lorentzian
makes a better fit to the line profile.
Armandroff and Da Costa (1991) also calibrate the log g and Teff effect
out using magnitude as a proxy for both these parameters. Height on the RGB
indicates increasing radius and decreasing surface gravity. By fitting a linear
relation between magnitude, referenced to the horizontal branch magnitude they
define a reduced equivalent width value which indicates the line strength after
the effects of surface gravity and temperature are taken in to account. Ttheir
sample is only over a limited range of metallicities, from about -0.5 to -2.0. They
note that the relation is simple for [Fe/H] ≤ −0.12, but could be complicated
at higher metallicity.
The dependence of the Ca II triplet on surface gravity for younger population
stars is an effective tool for the discrimination of giants from dwarfs. This was
the earliest use of the Ca II triplet near-infrared feature, but it was noticed that
metallicity affected line width strongly in low metallicity objects. The effect
of gravity on the line widths is dominant for young and solar metallicity stars
(Bica and Alloin 1987). For low metallicity stars [Fe/H] ≤ −0.5 the gravity
effect is approximately linear and the main factor in line width is metallicity.
A tight correlation for below solar metallicity globular cluster stars is found by
Armandroff and Zinn (1988).
The Ca II triplet as an abundance measure has been popular since the early
90’s as a tool for abundances in distant halo globular clusters and the Magellanic
clouds. Medium resolution spectra are adequate to measure the Ca II triplet
in the brightest red giants in these distant objects. Armandroff and Da Costa
(1991) found the most robust measure was a sum of (two) Ca II triplet lines
corrected for magnitude, as a proxy for surface gravity, the measure proving
especially accurate at metallicities, [Fe/H]≤ −1.2. Rutledge et al. (1997) define
a metallicity scale based on Ca II triplet measurements of globular clusters which
have been well studied with a variety of methods. Using 71 GCs they relate the
previous standard system, the metallicity scale of Zinn and West (1984) with
the high dispersion spectra derived scale of Carretta and Gratton (1997) to the
Ca II triplet equivalent width measure. Once again the Ca II triplet triplet is
only able to be compared and calibrated successfully with other scales up to
[Fe/H] ≤ −0.5 dex.
The Ca II triplet method is particularly useful for large studies with multi-
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object spectrometry and medium resolution spectra; many stars can be studied
to give robust sample statistics for populations. Many early studies rely on a
handful of high resolution spectra to draw conclusions about cluster velocities
and metallicities. Cole et al. (2005) showed that it was possible to apply the
method to LMC galaxy RGB field stars with a variety of abundances and ages.
Warren and Cole (2009) introduced the use of KS band magnitudes from 2MASS
for calibration of Ca II triplet equivalent widths. This study confirmed the
approach with a single stellar population in IC 4499 (Hankey and Cole 2011).
This study of the LMC field is the first time the method has been applied to
mixed populations. Additional checks were made to ensure the method was
valid, see Appendix D.
There are some cautionary caveats to the Ca II triplet as an [Fe/H] abun-
dance measure. Some stellar populations exhibit odd α element ratios. Some
maybe lacking in Al, some are lacking in Mg (Mucciarelli et al. 2012; Grat-
ton et al. 2012). These metallic elements ionize and contribute to the electron
pressure in stellar atmospheres. Changing abundances can affect the electron
pressure Pe and the opacity and hence the line width of the Ca II triplet spec-
tral feature. The Ca II triplet equivalent width is expected to be anti-correlated
with these metallic alpha abundances. Imbalances in heavy iron peak elements,
and Ca seem to be quite rare. But large variances in the abundances of light
α elements, O, Mg, Al, Na are more common. If an imbalance in α elements
is at play, it may cancel out, with a lack of one electron provider, compensated
by another electron provider. Gratton et al. (2012) found an anti-correlation
of [Al/Fe] and [Mg/Fe]. However a lack of electron providers in some of the
population will manifest as a spread in the range of Ca II triplet values. In
an homogenous population it may result in an over-estimate of the metallicity,
from the Ca II triplet width, due to a lack of an electron provider.
2.4 AAOmega Spectrograph
The Anglo-Australian Telescope primary instrument is the AAOmega multi-
object spectrograph. It comprises a fibre positioning system at the prime focus
of the telescope, which feeds fibres that run 38 metres downstairs to the spec-
trograph itself (Sharp et al. 2006). The fibres have a diameter that covers 2.0
arcseconds, and the median seeing at the AAO is 1.5 arc seconds. The preceding
spectrograph, the 2dF, sat atop the telescope at the prime focus with the fibre
positioner. The current arrangement is more stable as it doesn’t move.
The AAOmega spectrograph has two light paths. A dichroic filter separates
the red and the blue wavelengths into two light paths and two independent
grating and camera arms. The grating itself is a volume-phase holographic
transmission grating. The transmission of light through a clear medium reduces
the light loss in comparison to a reflection grating. The grating is encased within
the material and so is easier to handle for the operators of the spectrograph com-
pared to the easily damaged ultra-fine reflective surface gratings. The material
has a three dimensional structure of varying refractive index giving differential
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phase shifts for each wavelength. The incoming stellar light from each optic fi-
bre is separated by the 1700D grating into unique ray paths for every frequency
to yield a resolution of 0.9 A˚ per pixel at the Charge Coupled Detector in the
near-infrared.
The 1700D grating employed in this study has a resolution of ∼ 10, 000
in the near-infrared, which covers 845.900 nm and includes the calcium triplet
absorption feature around 860 nm. The resolution of VPH gratings is wave-
length dependent, at the near-infrared the highest resolution is achieved as the
wavelength is largest compared the scale of the refractive structure.
The AAOmega medium resolution spectrograph is now complemented by the
high resolution HERMES spectrograph, fed by the same 2dF fibre positioner.
The resolution is about 30,000 in the infrared 759 , to 789 , with three other
simultaneous blue, green, red beams. It doesn’t cover the Ca II triplet in the
near-infrared. The scientific rationale for the HERMES spectrograph is also
Galactic archaeology though detailed abundances and velocities (Freeman and
Bland-Hawthorn 2002).
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3
Radial Velocity and Metallicity of the
Globular Cluster IC4499 Obtained with
AAOmega
3.1 Introduction
IC 4499 is a sparsely populated globular cluster in a crowded Galactic field near
the south celestial pole. It was discovered in 1900 by D. Stewart (Pickering
1908) and has been comparatively understudied, probably as its extreme south-
ern declination presents an observational challenge to mid-latitude observers.
Several photometric studies of IC 4499 have been undertaken to study the HB
morphology, produce CMDs and make distance and metallicity estimates, but
no detailed spectroscopic metallicity or radial velocity data have been published
to date.
The globular cluster catalogue of Harris (1996) gives a distance of 18.9 kpc,
which puts it 15.7 kpc from the Galactic centre and 6.6 kpc below the plane of
the Galaxy, making it an outer halo cluster. From the vantage point of Earth, it
is seen through the outer parts of the Galactic bulge (` = 307.35◦, b = −20.47◦),
resulting in a relatively high reddening. This reddening has been estimated as
high as E(B−V) ≈0.35 (Fourcade et al. 1974), but more recent work suggests
smaller values of 0.15–0.25 (Sarajedini 1993; Storm 2004; Walker and Nemec
1996; Ferraro et al. 1995). The uncertainty in reddening has likely propagated
through into differences in conclusions about the metallicity, distance, and age
of IC 4499.
Low-resolution spectroscopic radial velocities and metallicities have been
obtained for three RR Lyrae stars only (Smith and Perkins 1982). They obtain
a metallicity of [Fe/H] = −1.33 ±0.3 from the strength of the singly-ionised
Ca II K line using the ∆S method (Smith 1984). On the scale of Zinn and West
(1984, ZW84) this becomes [Fe/H] = −1.5 ±0.3. Fusi Pecci et al. (1995) noted a
discrepancy between photometric metallicity estimates, which tend to be around
[Fe/H] ≈ −1.75 (Ferraro et al. 1995) and the generally higher spectroscopic
estimates. More recent unpublished work by R. Cannon (1992) is quoted by
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Sarajedini (1993) and Walker and Nemec (1996) as yielding [Fe/H] = −1.65
on the ZW84 scale, based on the near-infrared Ca II triplet lines of four red
giants. Smith and Perkins (1982) also published radial velocities for their three
RR Lyrae stars, -60, +10 and -101 km/s, all with an error of ±50 km/s.
No observational study of the Monoceros stream covers the neighbourhood
of IC 4499. However, a set of numerical models of the stream, developed under
the hypothesis that it is the remnant of a disrupting dwarf galaxy, have been
proposed by Pen˜arrubia et al. (2005). In one of their best models, stellar debris
stripped from a progenitor dwarf at ` = 245◦, b = −18◦ encircles the Milky Way
within ±30◦ of the Galactic plane, crossing the location of IC 4499 after nearly
a complete wrap. Pen˜arrubia et al. (2005) suggested that IC 4499, along with
several other clusters, could be candidate members of the stream on the basis
of their position and the predicted radial velocities in their models. The radial
velocity of IC 4499 has not yet been determined accurately enough to check for
consistency with this type of model.
Following the methodology of Warren and Cole (2009), we have undertaken a
spectroscopic study of IC 4499’s red giants in order to obtain radial velocity and
metallicity measurements for a large sample of cluster members; the aim is to
shed light on questions of its relative age and possible membership in a stellar
stream. We employ the relationship between CaII triplet line strengths and
[Fe/H] to obtain metallicity estimates for individual giants. The near-infrared
CaII triplet, resulting from absorption by the 32D–42P transition, is a strong
feature of late-type giant stars (Armandroff and Zinn 1988). The equivalent
width of the lines increases monotonically with metallicity, regardless of age, for
stars older than 1 Gyr (e.g., Garcia-Vargas et al. 1998).
Spectroscopy of the near-infrared calcium triplet in spectral type K giants
has become an accepted tool for assessing the metallicity of stellar populations
(Armandroff and Da Costa 1991), being calibrated against Galactic globular
clusters (Rutledge et al. 1997). Originally used in studies of old, simple stellar
populations, the technique has been shown to apply to non-globular cluster
stars, including open clusters and composite populations (e.g. Cole et al. 2004;
Grocholski et al. 2006; Battaglia et al. 2008, and references therein).
The line strength has a strong dependence on surface gravity and a milder
temperature dependence (Armandroff and Zinn 1988; Garcia-Vargas et al. 1998),
which is removed using the empirical relationship between gravity, temperature,
and luminosity for red giant stars. Rutledge et al. (1997) showed that using
the stellar apparent magnitude with respect to the cluster horizontal branch
is a robust approach to this procedure. Because of the availability of JHKS
photometry and astrometry in the 2MASS catalog, we adopt the K-band as
our reference magnitude, following Warren and Cole (2009). Their relation-
ship between K−KHB , [Fe/H], and Ca II equivalent width is confirmed by our
observations of IC 4499 and three other clusters.
We discuss our approach, observations, reductions, and analysis in the next
section. Because using K magnitudes to correct for surface gravity is relatively
novel compared to V or I, we re-derive the relation between Ks magnitude
above the horizontal branch and CaII line strength. Using three well-studied
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clusters as a calibration sample, we present new abundance and radial velocity
measurements for IC 4499 in §3. We examine our data for signs of cluster
rotation, and rule out rotation velocities in IC 4499 of 1 km/s or more. In §4
we discuss the implications of our results, including the contention that IC 4499
is younger than the bulk of halo globulars (Ferraro et al. 1995; Fusi Pecci et al.
1995), and the possibility that IC 4499 belongs to the Monoceros stellar stream
(Pen˜arrubia et al. 2005).
3.2 Methodology
3.2.1 Observations
Observations were carried out on 28 May 2008 at the 3.9m Anglo-Australian
Telescope at Siding Spring Observatory. The seeing was 1.4′′. The AAOmega
fibre-fed multi-object spectrograph (MOS) allows for up to 392 simultaneous
spectra to be obtained, across a two degree field of view (Sharp et al. 2006).
The 1700D grating was used, which gives a spectral resolution of about 10,000
[λ/∆λ], varying slightly across the field. This grating spectrum is in the near-
infrared with usable λλ 8450 to 8700 A˚, which includes the ionised calcium
triplet lines at 8662, 8542 and 8498 A˚. This feature is among the strongest
lines in K-type giants (Armandroff and Da Costa 1986), which is the dominant
spectral type for red giants at low-metallicity.
Targets were chosen from the 2MASS point source catalogue (PSC), which
has a positional accuracy of about 100 mas (Skrutskie 2006); this accuracy is
crucial to the success of the observations because of the necessity to accurately
place the 2.0′′ fibres on the targets. The selection was based on 2MASS J and K
photometry with K between 10.5 and 15.0. Because of the slope of the RGB, the
color selection had a slope as well, although quite steep. The red limit was set
by K > 27.0− 15(J −K), and the blue limit was set by K < 22.5− 15(J −K).
The selection region is shown on the CMD in Figure 3.1. The highest MOS fibre
allocation priority was given to stars within the cluster half-light radius and in
the upper 2.25 mag of the RGB.
The half-light and tidal radii of IC 4499 are 1.5′ and 12.35′, respectively
(Harris 1996). Fibres were preferentially allocated to the centre of the 2◦ field.
Once the cluster centre was sampled as densely as possible with fibres, the spare
fibres were allocated to stars outside the cluster centre in the same colour and
magnitude range. This should allow for a very precise characterisation of the
radial velocity distribution of the field stars, to assist with membership decisions.
Because of the density of the cluster, not all stars could be observed in a single
setup. We observed two different fibre configurations with the same central
position in order to maximise the yield of members. In total 569 individual stars
were observed with signal to noise ≥ 15 per pixel in a two degree field around
IC 4499; the targets are mapped in Figure 3.2. The fields were integrated over
several exposures to mitigate systematic errors and cosmic ray contamination.
The total exposure time for each IC 4499 setup was 3600 sec.
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Figure 3.1: Selection of RGB stars from 2MASS PSC within 1◦ of the centre of
IC 4499. Objects within 5′ of the cluster centre are plotted with large symbols
to highlight the cluster RGB relative to the field. Our spectroscopic sample is
selected from candidates within the parallelogram containing the cluster RGB.
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Figure 3.2: Observed targets in a 2◦ field around IC 4499. The tidal radius is
shown by the dashed line; the fibre allocation was strongly weighted to select
targets within this radius.
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Three well-studied clusters were chosen as comparison objects. These were
picked to yield stars of similar spectral type and metallicity to use as radial
velocity templates in our cross-correlation, and to confirm that we could repro-
duce the relationship between K magnitude and CaT equivalent width across a
range of metallicities. We used M68 (NGC 4590), M4 (NGC 6121), and M22
(NGC 6656) as our comparison objects; their positions, relevant properties, and
observing details are listed in Table 3.1. For the calibration clusters, RGB stars
were chosen from 2MASS J and K photometry in the regions of the selected
clusters. (J−K, J) CMDs were created for square-degree areas centred on each
cluster, and targets were selected from the cluster RGB locus down to and in-
cluding the HB . We tried to sample as wide a range of magnitude as possible in
each cluster in order to accurately model the influence of surface gravity on the
CaT equivalent widths. In general, there are relatively few bright RGB stars,
and the brightest, coolest stars are often contaminated by titanium oxide bands
in the spectral region of interest, so sampling the bright end of the RGB while
respecting the restrictions on minimum fibre spacing was a challenge. In most
cases, the cluster RGB sequences are not clearly distinct from the surrounding
field, and the samples were cleaned according to radial velocity and position rel-
ative to the cluster centre. The individual spectra of each target were coadded
after extraction and dispersion correction.
Calibration exposures including arc lamp and screen flats were taken between
each pair of science exposures in order to allow for dispersion correction and
flatfielding. Sky subtraction was achieved using 20–25 dedicated sky fibres per
setup, except in the case of M68, where an offset sky exposure was taken.
3.2.2 Data Reduction and Analysis
Data reduction was accomplished using the standard AAOmega reduction soft-
ware 2dfdr drcontrol. The reduction software automatically corrects for CCD
bias with blank frames and an overscan bias region. Individual fibre images
were traced on the CCD and then dispersion corrected, wavelength-calibrated
spectra were extracted using standard procedures from arc lamp exposures and
flat fields. The M68 sky subtraction was achieved by stacking and averag-
ing the offset sky spectra. The spectra from separate exposures of the same
target were combined using the IRAF imcombine tool. The spectra were nor-
malised by fitting a fifth order polynomial model to the continuum with the
IRAF onedspec.continuum task. Residual cosmic rays in the combined expo-
sures were removed by applying simple clipping. Given the large sample size,
visual inspection of each spectrum was impractical, so dead fibres, non-stellar
objects, and targets with poor signal-to-noise due to fibre-centring errors were
rejected automatically. Figure 3.3 shows a typical normalised spectrum. The
spectral resolution achieved was 0.9 A˚ , with a typical signal-to-noise ratio in
the continuum of 50:1 per pixel.
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Figure 3.3: Typical spectrum of IC 4499 member RGB star showing the Ca II
triplet and many weaker metal lines. Star I.D. 6450 in Table 3.3
3.2.3 Radial Velocities
After the data reduction process a total of 36 stars from the calibration clusters
with velocities from the literature were chosen to be used as radial velocity
templates. Published references provided online electronic data for M22 and
M4 (Peterson and Cudworth 1994) (Peterson et al. 1995), which were matched
with our observations using the ESO SKYCAT software tool. In the case of M68
we used the published finding charts from Harris (1975) to identify the reference
stars. The chart positions were visually compared with maps made from the
2MASS catalogue to match the velocities quoted by Harris to our targets.
Of the 36 available reference stars, 19 had excellent signal to noise ratio,
no cosmic rays and good sky subtraction residuals. Originally only these 19
reference spectra were employed, but it subsequently proved statistically advan-
tageous to use all available reference spectra to reduce the standard error in the
mean of the 36 cross correlations. Fifteen stars from M4, twelve from M22 and
nine from M68 provided a representative sample of the reference clusters. The
IRAF task fxcor was used to calculate the velocities of the IC 4499 stars by
cross correlation with the set of reference spectra (Tonry and Davis 1979). The
normalised continuum level was subtracted and a Gaussian fitted to the cross
correlation to establish the velocity.
The velocity of our target stars was derived from a weighted average of
cross-correlation velocities from the individual template stars. The average was
constructed after automatic rejection of templates that gave large velocity er-
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rors, using a Grubb test. The velocities based on each remaining template were
then averaged, with weighting based on the cross-correlation errors.
Stars were defined as members of IC 4499 using three parameters. Firstly
by distance from the cluster centre, stars within the tidal radius (catalogued by
Harris 1996) were selected. Secondly, stars were selected around velocity over-
densities. In the case of the calibration clusters these velocity distributions were
located as expected according to previous studies. Stars that appeared to be nor-
mally distributed about these mean values were selected as probable members.
Figure 3.4 shows the low velocity-dispersion distributions between the cluster
centre and the tidal radius from which stars were selected. Some contamination
of the sample from field stars with similar velocities is expected, although this
is small for the calibration clusters. Stars were finally selected based on the
measured equivalent widths of the three CaII triplet lines as described in the
next section. Apertures were rejected in cases of low S/N, contamination by
cosmic rays or other artifacts. These features resulted in odd equivalent width
measurements.
The range of velocities in the disk, outer bulge, and halo towards IC 4499 is
quite large, and there are several field stars projected within the tidal radius. All
velocities have been translated to the heliocentric reference frame within fxcor,
based on the time and date of the observations. The mean cluster velocities
are given in Table 3.2. The velocities are in good agreement with literature
references for M22 and M68, but our mean is 5.2 km/sec (4.7σ) away for M4;
the origin of this difference is unknown. The mean heliocentric radial velocity of
IC 4499 is 31.5 ±0.4 km/sec. As seen in Figure 3.5, this is sufficiently different
from the bulk of the field star velocities to allow the cluster to be defined, but
there is some overlap.
3.2.4 Cluster Rotation
Lane et al. (2009) find a rotational signature in M22 and a suggestion of one
in M68. They also find rotation in M4 (Lane et al. 2010). While we have a
much smaller sample of stars, we can also look for such a signature. We employ
Lane et al. (2009)’s method to look for signatures of rotation in M4, M22 and
M68 as a check, and then in IC 4499. The position angle of the cluster rotation
axis is not known a priori, so a search of parameter space is made to see if
the cluster radial velocities are consistent with rotation around an arbitrary
axis. For a given trial position angle we divide the cluster in half along a line
90◦ away and compare the mean velocity in each half of the cluster. We step
around the cluster in position angle increments of 22.5◦. The asymmetric sky
distributions of the samples, (see Figure 3.5), alias with bin sizes and angular
location adding to uncertainty. The differences in mean radial velocity between
the cluster halves at each position angle are plotted in Figure 3.6.
We agree with Lane et al. (2009) on the rotation amplitude in M22: we
find a line of sight rotational value of 1.8 ±0.7 km/s and the axis of rotation
approximately North-South, at 114◦±18◦, where they found 1.5±0.4 km/s, ap-
proximately North-South. M4 shows amplitude 2.1±0.4 km/s and axis roughly
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Figure 3.4: Velocities and distances from the cluster centres. The tidal radii
are shown by dashed lines. Stars within the tidal radius that survived a radial
velocity and metallicity clieaning are shown as solid circles . Open circles mark
stars with a radial velocity that matches the cluster but fall outside the tidal
radius, or have Ca II equivalent widths much different from the cluster members.
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Figure 3.6: Results of cluster rotation searches shows the difference in mean
radial velocity between two halves of the cluster divided by a line orthogonal
with the listed position angle. Position angle is defined anticlockwise from East
(PA=0) through North (PA= pi2 ) around the centre of light of the cluster. The
best-fitting sine curve is shown.
North East-South West at 30◦±12◦, about double the result of Lane et al. (2010)
who obtain 0.9 ±0.1 km/s at an angle of 70◦ as do Peterson et al. (1995). There
is no evidence for cluster rotation in the data for M68 and IC 4499 above the
error level of 0.4 km/s. Our M22 and M4 data show that we are sensitive to
rotation velocities down to at least ≈1 km/s, and this must therefore be a strict
upper limit to the rotation of IC 4499. No correction for rotational velocity
in IC 4499 is necessary when calculating velocity dispersion in the following
section.
3.2.5 Virial Mass and Mass to Light Ratio
In order to estimate the cluster mass we need to assume a model for the cluster
gravitational potential and use the central velocity dispersion, σ0, and the virial
theorem. Following Lane et al. (2010), a Plummer-type spherical model for the
cluster mass distribution is used, (Plummer 1911). Assuming isotropic velocities
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one can calculate a mass using the central velocity dispersion σ0, where,
M =
64σ20R
3piG
where R is the half-light, or scale, radius and G is the gravitational constant.
To estimate σ0, Lane et al. (2010) first bin the velocities by radius, then use
a MCMC technique to estimate dispersions within the bins and subsequently fit
a Plummer model. We have taken a different course, preferring not to bin the
velocities, but choosing instead to fit the Plummer model to the individual data
points. We assume that the individual observations are Normally distributed
vi ∼ N
(
µ, σ2(r)
)
where the line of sight velocity dispersion σ(r) is determined by a Plummer
model
σ2(r) =
σ20√
1 + (r/R)2
.
Here σ0, the central velocity dispersion, is the main parameter of interest, R
the half light radius and µ the systemic mean cluster velocity. Assumptions
are made about the initial distributions of parameters, an improper uniform
prior for µ, and weakly informative Normal priors for R and σ0. We then fit
the model by MCMC using a Metropolis within Gibbs algorithm (Gilks et al.
1998). There were 26× 103 samples drawn, with the first 6× 103 discarded as
‘burn-in’, an initial period where the Markov Chain explores parameter space.
The median value of the distribution of σ0 samples is 2.5 ±0.5 km/s. The
median is used as an estimator as the distribution is skewed toward higher
values, because the model has a lower bound for central velocity dispersion at
zero, but no upper bound. Velocity dispersion has not been constrained to zero
at the tidal radius as in a King model (King 1966). The mean value is thus
slightly higher at 2.6 km/s. The value of µ, the cluster mean systemic velocity
from MCMC simulation is 31.5 km/s and agrees with the classical sample mean
estimator, the sum of velocities divided by the number of samples. The value of
the half light radius from simulation is 102 ± 18′′ and agrees within error with
the starting reference value of 107± 19′′ (Trager et al. 1993).
The distribution of cluster mass, a function of the velocity dispersion samples
from MCMC simulation, is shown in Figure 3.7. The median mass is 93 ±
37× 103M where the error is 1σ. McLaughlin and van der Marel (2005) also
estimate a mass for IC 4499 using a power law model, as well as King and
Wilson models, fitted to the light distribution of the cluster. They obtain mass
estimates of 125 − 138 × 103M for IC 4499 and central velocity dispersions
of 2.88 − 2.96 km/s. This spectroscopic study finds a lower value but agrees
with the photometry-based results within errors. For an absolute magnitude
MV = −7.33, we estimate a mass to light ratio of 1.3 ±0.5 M/LV in solar units.
Our lower mass gives a smaller value than McLaughlin and van der Marel (2005)
who estimate 1.874. This M/LV ratio is similar to other globulars and indicates
that there is not a significant dark matter component to the cluster.
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Figure 3.7: Distribution of Markov Chain Monte Carlo simulations of mass,
based on a central velocity dispersion model. Standard deviation 37 × 103M
is shown around the median value, 93× 103M.
75
CHAPTER 3. RADIAL VELOCITY AND METALLICITY OF THE
GLOBULAR CLUSTER IC4499 OBTAINED WITH AAOMEGA
3.2.6 Equivalent Widths and Metallicities
The cluster samples are each assumed to represent a single stellar population.
The sample does not include any stars above the RGB tip, where lower surface
gravity results in the line width being more sensitive to metallicity (Garcia-
Vargas et al. 1998), or low temperature M stars where line width responds more
to effective temperature resulting in lower values, and TiO bands confuse the
interpretation.
Low signal-to-noise spectra in which one or more of the Ca II triplet lines
were badly distorted were rejected. As a diagnostic we compared the ratios of
each line with respect to the others. A line with too large or small a value with
respect to the others indicates a problem with the data or the line fitting results.
Spectra with odd line ratios were rejected from further analysis. In Figure 3.8
the ratios are plotted for an IC 4499 cluster sample to identify outliers.
A wavelength range is chosen in the spectrum that encompasses the line
feature and a representative portion of the normalised continuum. The line
and continuum bandpasses are taken as defined in Armandroff and Da Costa
(1991). The sum of a Gaussian and a Lorentzian, a Penny function, is fitted to
the line profiles using the same FORTRAN code as Cole et al. (2004), which
is a modified version of the code of Armandroff and Da Costa (1986), to give
an equivalent width for each line. The Penny function has been shown to be
a better approximation for high metallicity, high resolution spectra (Warren
and Cole 2009). Model atmospheres of late-type giants indicate the wings are
more sensitive to metallicity than other parameters such as surface gravity and
effective temperature (Smith and Drake 1990).
The equivalent widths of the three triplet lines are summed to give the CaII
index. Some authors sum the two strongest lines for low signal to noise data
or low resolution spectra (Rutledge et al. 1997). Here, having a high signal to
noise ratio, the sum of three lines is taken to give the full equivalent width ΣW.
Results for ΣW in the sample stars in IC 4499 are shown in Table 3.3.
Next a reduced equivalent width W ′ is derived in which the linear depen-
dence on the magnitude height on the RGB is taken into account. This mag-
nitude parameter represents the effects of the effective temperature and stellar
surface gravity on the line strengths (Armandroff and Da Costa 1991). Because
red giants lie along a narrow sequence in the luminosity (surface gravity) vs.
temperature plane, Teff and logg are correlated with each other and their influ-
ence on ΣW can be calibrated out using a single observable. Colour and absolute
magnitude have both been used in the past to create the index W′, but the most
robust method in the presence of distance and reddening uncertainties is to use
an expression relating the magnitude of the target star to the mean magnitude
of the horizontal branch (or red clump) of its parent population (Rutledge et al.
1997).
Owing to the availability and homogeneity of 2MASS near-infrared magni-
tudes, we adopt the procedure of Warren and Cole (2009) and use the K-band
magnitude, K−KHB to derive W ′. Warren and Cole (2009) defined W′ = ΣW
+0.45(K−KHB); because it is uncommon to use the K band in this procedure,
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Figure 3.8: Plot of line width ratios of apertures in an IC 4499 field, with
50% and 95% confidence contour. Outlying points were considered statistically
unlikely, and rejected aperture numbers are shown .
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the slope is not as well-determined as that in V or I, so we rederive the rela-
tionship as a consistency check.
The mean value of the RR Lyrae variable magnitudes is used to define
the horizontal branch K-magnitude, 12.21 for M22, 11.13 for M4 and 15.97
for IC 4499. K-magnitudes for RR Lyrae variables in IC4499 are found in
Storm (2004) and define the magnitude of the horizontal branch. There are
K-magnitudes for a few RR Lyrae stars in M22 (Kaluzny and Thompson 2001),
and several for M4 (Liu and Janes 1990). Many more M4 variables are listed
in Longmore et al. (1990). RR Lyrae variables in M22 and M4 were identified
from those catalogued in Clement et al. (2001) and these were astrometrically
correlated with 2MASS objects to obtain K magnitudes. The M68 horizontal
branch K-magnitude of 14.4 is referenced from Ferraro et al. (2000) and Dall’Ora
et al. (2006). For each cluster KHB is taken to be constant and each star in the
2MASS PSC has a unique K−KHB .
We plot the relative magnitude K−KHB against the equivalent width ΣW in
Figure 3.9. The slopes of the lines βK range from 0.29 ≤ βK ≤ 0.65, with a mean
value of 0.47 ±0.08 A˚/mag. This agrees well with the value of βK = 0.48± 0.01
found by Warren and Cole (2009), who have 22 clusters, open and globular, in
their sample. There is no strong reason to suspect variation in β for a globular
cluster-only sample (Rutledge et al. 1997), so we adopt the better-determined
value βK = 0.48 ±0.01 from Warren and Cole (2009). The reduced equivalent
width W ′, is the intercept of this linear model. W′ should be a constant for
each cluster that only depends on metallicity. Fits to our four clusters and the
literature slope are shown in Figure 3.9 and the values of W′ listed in Table 3.2.
W ′ is related linearly to [Fe/H] on the Carretta and Gratton (1997) scale;
we follow Warren and Cole (2009) who arrived at the following relation for
transforming to metallicity:
[Fe/H] = (−2.738± 0.063) + (0.330± 0.009)W ′
The values of [Fe/H] derived from this relationship are given in Table 3.2.
They agree with the literature values to better than 1σ, as expected. As empha-
sised by Cole et al. (2004); Warren and Cole (2009), these values are specific to
the Carretta and Gratton (1997) metallicity scale. Recalibration to ZW84, the
scale of Kraft and Ivans (2003), or any other metallicity scale of choice may be
achieved using the W′ values, which give the correct relative metallicity ranking
of the clusters no matter the specific W′-[Fe/H] conversion adopted.
3.3 The Velocity and Metallicity of IC 4499
Identifications, positions, velocities and equivalent widths for individual IC 4499
stars are given in Table 3.3. The metallicity of IC 4499 is very similar to
the mean metallicity of M22, [Fe/H] = −1.52 ±0.12, and the radial velocity
is vr = 31.5 ±0.4 km/s. This is the first published spectroscopic metallicity
measurement for the cluster based on more than just a few stars. Previous
estimates for the radial velocity varied widely and are difficult to properly assess.
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Figure 3.9: K−KHB vs. ΣW for our clusters. The dashed line shows the average
slope from Warren and Cole (2009), and the solid lines give the best-fit slope
for each individual cluster based on our data. Typical errorbars are shown in
the lower left of each panel. The intercept of the relation defines the reduced
equivalent width W′ for each cluster.
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Smith and Perkins (1982) derived a spectroscopic metallicity of [Fe/H] =
−1.33 ±0.3 from three RR Lyrae variables in IC 4499. ZW84 revise this figure
by recalibrating to the scale of Frogel et al. (1983) and quote [Fe/H] = −1.5
±0.3. Ferraro et al. (1995) found this value to be too high, and adopted −1.75
based on the CMD morphology, primarily HB type and RGB colour. Later
studies of the RR Lyrae population (e.g., Walker and Nemec 1996) found no
inconsistencies with this value, and cite an unpublished study by R. Cannon
finding [Fe/H] = −1.65 in support. Our value of [Fe/H] = −1.52 ±0.12 on the
Carretta and Gratton (1997) scale translates to [Fe/H] = −1.74 ±0.10 on the
ZW scale. M22, a cluster with very similar W′, has [Fe/H] = −1.75 according to
Carretta and Gratton (1997), and [Fe/H] = −1.9 on the scale of Kraft and Ivans
(2003), according to Da Costa et al. (2009). The latter paper also finds strong
evidence for an internal spread of metallicities in M22 of up to 0.5 dex, so more
detailed comparison to M22 may only serve to confuse the picture. However,
we can confirm that the RR Lyrae-based result from Smith and Perkins (1982)
for IC 4499 is too metal-rich, and the CMD results are robust.
The radial velocity measurement is relatively unexceptional, as a wide range
of velocities are expected towards the 4th quadrant of the Galaxy. The Besanc¸on
model Galaxy (Robin et al. 2003) shows that radial velocities toward IC 4499
have a broad maximum around −15 km/s, with FWHM ≈60 km/s. If only the
stars with [Fe/H] ≤ −1 are considered, the mean radial velocity is expected to
be ≈25 km/s, with a very broad distribution: the FWHM of metal-weak stars in
this direction is ≈110 km/s, and with tails reaching to −150 . vr . +350 km/s.
IC 4499 thus lies near the peak of the expected radial velocity distribution of
halo stars in this direction. We are in disagreement with the average velocity
of 3 RR Lyrae stars, −50 km/s, reported by Smith and Perkins (1982). Other
velocity measurements are scarce; Pen˜arrubia et al. (2005) place IC 4499 in their
Fig. 11 with vr = 0, without attribution. Similarly, Fusi Pecci et al. (1995) give
the cluster a Galactocentric radial velocity vr,GC ≈ −130 km/s, also without
citing a source. The Fusi Pecci et al. (1995) value is not far from the measured
value of vr if we account for the solar motion; we find vr,GC = −140 km/s.
3.3.1 Is IC 4499 Unusual?
IC 4499 has an exceptionally high frequency of RR Lyrae stars (e.g., Walker
and Nemec 1996, and references therein), and has been proposed to be 2–4 Gyr
younger than the average of metal-poor clusters (Ferraro et al. 1995). It is also
a candidate to belong to halo substructures (Fusi Pecci et al. 1995), including
the possibility of membership in the Monoceros tidal stream if that structure
is due to the dissolution of a dwarf galaxy in the tidal field of the Milky Way
(Pen˜arrubia et al. 2005). These suggestions hint towards the idea that the
HB morphology can be connected to some combination of age and/or detailed
elemental abundance ratios (e.g., differences in [α/Fe]). A further clue may be
in the fact that the cluster is of OoI, that is, the RR Lyrae stars have periods
.0.6 d. Catelan (2009) class IC 4499 as OoInt, as at 0.58 it is close to the
edge of the OoI classification. This may place it in the range of OoInt that are
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associated with the dSph populations of accreted clusters distinct from ancient
halo clusters.
It is well-known that the Oosterhoff type of a cluster is related to its metal-
licity (e.g., Walker and Nemec 1996), but the relation is not a straightforward
one. In general, the period of the variation increases with decreasing metallicity,
but several clusters have been found that appear to break the rules. NGC 6388
and NGC 6441 (Pritzl et al. 2000), are metal-rich clusters displaying properties
of both Oosterhoff types, metal-rich and long-period.
Sandage (1993) noted that there are very few variables in clusters with −1.7
≤ [Fe/H] ≤ −1.9 on the ZW84 scale, and that the few known RR Lyrae stars
present have longer than expected periods. However, he assumed [Fe/H] = −1.5
for IC 4499, where it should have a [Fe/H] = −1.75 on the ZW84 scale. Clus-
ters of similar metallicity indeed tend to have much smaller specific frequencies
of RR Lyrae stars (e.g., M22 has SRR = 7.2, Harris 1996). This is likely be-
cause most of the HB stars at this metallicity begin their lifetimes well to the
blue of the RR Lyrae instability strip (Lee et al. 1990). The extremely high
specific frequency of RR Lyrae stars at the metallicity of IC 4499 suggests a
larger than average stellar mass at the ZAHB . As noted by Walker and Nemec
(1996), this could be indicative of a younger than average age for the cluster, or
it could suggest a smaller-than-average amount of mass-loss along the cluster
RGB ; Sandage (1993) already suggested that a smaller-than-average dispersion
in mass-loss was necessary to reproduce the colour extent of IC 4499’s HB .
IC 4499’s lower-than-average central density compared to clusters like M3 may
be related to its RGB mass-loss behaviour. It is also possible that variations in
the detailed elemental abundances, such as [O/Fe], play a role in determining
the HB morphology.
We find M22 to have similar average metallicity to IC 4499; it has few
RR Lyrae stars, a blue HB , and a higher central density, and is an OoII type
cluster. This makes the 2 clusters something like a classical “second parameter”
pair like M3 and M2, both with [Fe/H] ≈ −1.6 on the CG97 scale. Lee and
Carney (1999) have proposed that there is an age difference between the two
clusters of ≈2 Gyr, in accordance with the arguments in, e.g., Lee (1992). This is
similar to the argument in Ferraro et al. (1995) that IC 4499 is≈2–4 Gyr younger
than similar-metallicity halo clusters. However the picture is complicated here
because of the existence of a significant range of abundances in M22 (Da Costa
et al. 2009). IC 4499 appears to have a slightly unusual Lee (1989) HB type
for its metallicity, but a younger than average age cannot definitely be stated
to be the cause. According to the models in Lee (1992), an age difference of
.1 Gyr compared to M3 would be required to account for the relatively red HB
morphology; the difference would be smaller if smaller-than-average mass-loss
is adopted. Comparing to the HB types of other candidate “young” globulars,
IC 4499 is likely to be significantly older than Rup 106, and some of the outer
halo clusters like Pal 4 and Eridanus. This complicates the suggestion in Fusi
Pecci et al. (1995) for a common origin shared between Rup 106 and IC 4499.
Salaris and Weiss (2002) found that IC 4499 was nearly coeval with other
intermediate-metallicity clusters However, they assumed an incorrect metallic-
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ity, [Fe/H] = −1.26 (CG97), and the comparison should be redone using the
more accurate value [Fe/H] = −1.52 ±0.12. Salaris and Weiss (2002) conclude
that all clusters with [Fe/H] ≤ −1.2 appear to be coeval within errors, at an age
of ≈12 Gyr. Forbes and Bridges (2010) argue that there is a break in the age-
metallicity relation for Galactic globular clusters at [Fe/H] ≈ −1.5. While there
exists a class of old clusters at higher metallicity, there appears to be a group of
young clusters with metallicities above the break point which they identify as ac-
creted “young halo” clusters. Like Salaris and Weiss (2002), Forbes and Bridges
(2010) find those classified as “old halo” are roughly coeval at ≈12.8 Gyr. If a
reanalysis of the cluster CMD is made, using the new spectroscopic metallicity,
that still suggests an age difference relative to the bulk of halo globulars, then
the conclusion of Salaris and Weiss (2002) would be challenged and it would sug-
gest that IC 4499 belongs to the “young” group of Forbes and Bridges (2010)
clusters.
Carollo et al. (2007) hypothesise that halo objects are divided into two main
classes, with the outer halo having lower metallicity and odd orbits suggesting
accretion from low-mass dwarf galaxies, while the inner halo is higher metallicity
and Galactic in origin. IC 4499 has a smaller Galactocentric distance than
typical outer halo clusters, but its location where models predict an extension
of the Monoceros tidal stream (Pen˜arrubia et al. 2005) may strengthen the
idea that it has an extragalactic origin. The evidence for membership in the
Monoceros stream to date has been based solely on its position within a modeled
extension of the stream. At the location of IC 4499, these models predict a
radial velocity that ranges between −60 km/s ≤ vr . 100 km/s, which has
nearly complete overlap with the standard Galactic halo model for this sightline
(Robin et al. 2003). An interesting feature of the Pen˜arrubia et al. (2005) model
is that as in Fusi Pecci et al. (1995), Rup 106 and IC 4499 are suggested to be
members of a single dynamically-related feature, but in the Monoceros stream
model Rup 106 belongs to the trailing side of the tidal stream, while IC 4499
is a member of the leading stream. Both clusters have drifted a large distance
from their progenitor: nearly 360◦ in the case of IC 4499, more than a complete
wrap for Rup 106, and their apparent positioning as neighbours along a single
great circle is coincidental.
Using the methodology of van den Bergh (1993) to classify the orbital pa-
rameters of IC 4499, the cluster is likely to be in a prograde orbit that is of
a “plunging” type. However, the cluster lies near the limit for circular orbits,
suggesting that there is a relatively high likelihood that it is on a mildly ec-
centric orbit. Placing the cluster in context, it appears quite normal for its
Galactocentric distance and metallicity, and membership in a tidal stream is
not needed to explain its radial velocity. Because the predicted radial velocity
of the Monoceros tidal stream is consistent with the expectations for the general
field, further information is necessary before IC 4499 can definitely be assigned
membership in a stream, or be inferred to have been accreted into the halo from
a dwarf galaxy. Two observables that could help discriminate between models
are the cluster proper motion and the detailed abundance ratios of the member
stars.
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The Monoceros stream model that matches the position and distance of
IC 4499 predicts a range of proper motions in Galactic coordinates, (−4, −1) .
(µl, µb) . (−2, +2) mas/yr. On the other hand, the Besanc¸on model suggests
that most late-type halo stars at IC 4499’s location will have proper motions
of (µl, µb) ≈ (−5±5, 0±5) mas/yr. From this it can be seen that a proper
motion in the appropriate range for stream membership is not sufficient to
ensure membership, since halo stars overlap in both components (although less
so in µl). Proper motions could make a strong negative test in that the cluster
could be excluded from stream membership via this measurement.
Detailed abundance ratios are a stronger test, because of the consistency of
elemental abundance ratios among field and cluster halo stars (e.g., Fulbright
2000, 2002) and the strong anomalies seen in dwarf spheroidal galaxy field stars
(e.g., Shetrone et al. 2003; McWilliam and Smecker-Hane 2005; Chou et al. 2010)
and clusters (e.g., Bellazzini et al. 2008; Carretta et al. 2010, and references
therein). In particular the [α/Fe] vs. [Fe/H] trend and ratios of s- and r-process
elements can give strong clues to the past star-formation history, initial mass
function sampling, and loss of metals from a stellar system (Tolstoy et al. 2003;
Venn et al. 2004). Because IC 4499 is not a very massive cluster, it is expected
to be chemically homogeneous, and high-resolution spectra of just a few stars
should suffice to begin characterisation of its nucleosynthetic history.
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Table 3.1: Log of Observations
Target α (J2000)a δ (J2000)a UT start Airmass Seeing (′′) texp (s) [Fe/H] (dex)b Vr (km/s)
M68 12 39 28 −25 15 39 11:43:55 1.06 1.4 2×360 −1.99 ±0.06 −96.4 ±3.9c
M4 16 23 34 −26 32 01 18:16:28 1.72 1.4 2×180 −1.19 ±0.03 70.9 ±0.6d
M22 18 36 25 −23 54 16 19:14:59 1.32 1.4 2×180 −1.48 ±0.03† −148.8 ±0.8e
IC 4499 1 15 00 21 −82 12 46 13:09:58 1.60 1.4 2×1800
IC 4499 2 15 00 22 −82 12 52 15:34:27 1.67 1.4 2×1800
aCentre of AAOmega/2dF field; bCarretta and Gratton (1997); cGeisler et al.
(1995); dPeterson et al. (1995); ePeterson and Cudworth (1994). †A significant
range is present (Da Costa et al. 2009).
Table 3.2: Summary of results.
Cluster N? W
′ (A˚) KHB (mag) [Fe/H] ∆[Fe/H] Vr (km/s) ∆Vr (km/s)
M68 51 2.59 ±0.35 14.4a −1.88 ±0.13 0.11 ±0.14 −98.6 ±1.5 −4.2 ±4.2
M4 70 4.90 ±0.34 11.13 −1.12 ±0.14 0.07 ±0.14 65.7 ±0.9 5.2 ±1.1
M22 81 3.61 ±0.46 12.21 −1.55 ±0.17 −0.07 ±0.17 −150.5 ±1.3 −1.7 ±1.5
IC 4499 43 3.70 ±0.29 15.97 −1.52 ±0.12 31.5 ±0.4
aDall’Ora et al. (2006). ∆ Difference, measured−literature value.
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Table 3.3: IC 4499 Members.
ID α(J2000)a δ(J2000)a Vr (km/s) ΣW (A˚) KS
a (mag)
4976 14:59:33.41 -82:09:17.80 31.40±1.49 5.51±0.36 12.55
4983 15:01:05.98 -82:12:36.93 31.21±1.49 5.00±0.52 12.65
5034 14:58:38.62 -82:10:30.86 32.42±1.46 4.27±0.66 14.22
5420 15:00:42.16 -82:08:32.40 32.88±1.93 4.73±0.90 13.98
5437 15:01:49.80 -82:13:39.74 31.16±1.48 5.06±0.94 14.47
5447 14:59:01.37 -82:10:50.80 28.91±1.96 5.07±0.70 13.57
5478 14:58:54.40 -82:16:34.04 33.44±1.46 4.58±0.56 13.79
5488 15:02:14.17 -82:15:35.02 30.88±1.49 4.95±1.33 14.70
5595 14:59:46.75 -82:16:15.61 30.47±1.49 5.64±0.46 12.31
5644 14:59:40.00 -82:12:22.84 27.48±1.48 4.77±0.68 13.89
5649 14:58:19.16 -82:08:30.86 30.89±1.66 6.03±0.45 11.61
5914 14:58:56.49 -82:13:14.09 32.28±1.46 3.80±0.81 14.22
5916 14:58:54.78 -82:03:44.48 31.29±1.67 5.72±0.49 12.16
5971 15:00:38.30 -82:11:12.03 30.18±1.40 6.60±0.49 10.77
6150 14:59:50.74 -82:13:10.60 30.86±1.49 4.32±0.61 13.81
6210 14:59:18.66 -82:12:40.50 30.62±1.93 5.45±0.46 12.64
6266 15:00:05.66 -82:15:51.72 34.06±1.65 4.24±1.01 14.78
6302 15:00:10.58 -82:11:17.03 31.88±1.50 5.70±0.40 12.22
6370 14:57:18.38 -82:10:41.52 31.84±1.48 4.43±0.84 14.51
6389 15:01:25.51 -82:20:14.43 30.99±1.49 5.61±0.27 11.99
6450 15:01:55.59 -82:10:45.69 34.28±1.49 5.10±0.47 12.59
6478 14:59:45.22 -82:14:47.23 29.58±1.47 4.88±0.57 13.76
6688 15:04:56.01 -82:20:08.58 33.09±1.63 5.19±1.45 14.79
6689 15:01:21.54 -82:13:45.49 31.71±1.30 4.56±0.91 14.41
6693 15:01:31.47 -82:12:24.68 29.63±1.44 3.93±0.91 14.49
6698 15:00:17.12 -82:16:35.09 29.65±1.48 5.00±0.37 13.10
6703 15:00:34.26 -82:14:45.50 38.08±1.49 5.52±0.40 11.35
6710 14:59:47.84 -82:14:13.06 36.36±1.39 4.02±1.08 14.75
6718 15:00:06.81 -82:11:52.33 26.83±1.48 4.54±0.62 13.93
6732 15:01:05.76 -82:12:57.37 28.30±1.50 4.82±0.69 13.79
6847 15:00:51.51 -82:12:50.99 34.76±1.58 4.07±1.39 14.97
6850 15:02:54.39 -82:11:43.51 31.56±1.93 5.42±0.50 12.93
7024 14:58:40.81 -82:10:36.05 31.65±1.50 4.01±1.14 14.09
7088 14:59:55.26 -82:13:13.16 29.35±1.46 4.68±0.82 14.65
7089 15:00:58.89 -82:14:09.08 30.09±1.94 4.58±0.52 13.64
7126 14:58:59.03 -82:08:33.25 29.97±1.92 4.84±0.60 13.49
7162 15:00:47.33 -82:12:51.62 35.64±1.51 4.38±0.93 14.06
7290 15:00:39.11 -82:13:17.03 25.95±1.48 4.83±0.73 14.11
7508 14:59:42.17 -82:10:05.79 31.96±2.00 4.72±2.02 14.16
7529 15:00:17.01 -82:11:11.46 31.52±1.71 5.79±0.41 11.94
7558 14:57:40.75 -82:10:33.69 30.41±1.49 5.77±1.03 11.58
7575 14:59:40.44 -82:16:04.08 31.52±1.48 5.98±0.33 11.78
7910 14:59:47.29 -82:11:09.15 33.05±1.50 4.68±0.56 14.06
aFrom 2MASS point source catalogue.
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4
Large Magellanic Cloud Bar Kinematics
and Metallicity with AAOmega
4.1 LMC Structure
The largest homogenous data set of late-life stars in the inner 2◦ of the LMC
has been observed in order to address some of the fundamental questions of
structure, kinematics and evolution in this nearest disk galaxy. The inner bar
region has largely remained a mystery due to the difficulty of observing in this
crowding-limited region. IC 4499 lay behind heavy Galactic field contamination,
as described in Chapter 3. The observation and analysis of IC 4499 provided
proof of the methods needed to analyse this crowded field of stars (Hankey and
Cole 2011).
The LMC is the closest star forming disk galaxy to the MW. At close to
50 kpc (Gieren et al. 2005; Walker 2012) its proximity makes it possible to
study individual stars, making it unique in extra-galactic astronomy as a lab-
oratory for the study of stellar dynamics in galaxies. The AAOmega multi-
object spectrograph and fibre positioner make it possible to observe objects in
the crowded and high surface brightness regions at the centre of the LMC. As-
trometrically accurate near infra-red catalogues are also vital, such as the Deep
Near-Infrared Southern Sky Survey (Cioni et al. 2000), the Two Micron All-Sky
Survey (Skrutskie et al. 2006) and the even more sensitive Infra-Red Survey
Facility Magellanic Clouds Point Source Catalog (IRSF) (Kato et al. 2007).
The observations yielded an extensive sample of high-quality spectra from
late-life stars in the LMC bar region, which provided measures of line of sight
velocity and metallicity. MCMC statistical techniques were applied to the ve-
locities to give robust estimates of dynamical and structural parameters for a
model of the disk. Metallicity measurements provided insights into star forma-
tion history and galactic evolution.
The LMC is an easily observable naked eye disk galaxy seen almost face on.
It occupies at least 20 square degrees of the southern sky, a region of 4◦ × 5◦.
About 21◦ degrees away on the sky is the visible companion SMC. The large
angular extent of the LMC on the sky also means that the projection on the
celestial sphere needs to be taken into account. The sky cannot be assumed to
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be “flat” over such a large solid angle. The geometric projection has already
been described by van der Marel et al. (2002), and subsequent authors, and this
study employs their definitions and derivations.
The LMC and SMC are connected in a common HI region. The bridge of
HI and stars between the galaxies is evidence of interaction between the LMC
and SMC. The morphology of the LMC must also be affected to some extent
by tidal interactions with the MW potential due to its proximity. There is
also a possibility of DM substructure in the MW halo affecting LMC -SMC
structure and motion. The internal kinematics of the LMC may hold clues to
these interactions.
The LMC has been found to have two distinct components, the HI gas galaxy
and the stellar disk . The HI galaxy appears more affected by environmental
factors shaping the LMC (Staveley-Smith et al. 2003), tidal forces from both
the MW and SMC (Olsen and Massey 2007) and possibly hydrodynamic ram
stripping of gas by the MW halo. The leading South East edge of the HI
disk appears to be dynamically hot, with a higher velocity dispersion, (Kim
et al. 1998, Figure 8). Clumpy halo dark matter structure may also induce bar
formation (Bekki 2009; Romano-Dı´az et al. 2008). If the gas is preferentially
affected by environment, then the stellar disk and bar retain more of the original
form of the galaxy before galaxy-galaxy interactions.
The stellar disk appears quite un-disturbed in comparison to the HI. The
stellar disk velocity dispersion value is at least a third of the maximum rota-
tion velocity, (Gyuk et al. 2000) indicating that the disk is not kinematically
hot, but remains rotationally supported. Unlike the MW, the old LMC stellar
populations do not display a larger dispersion than the intermediate age RGB
population. This indicates the lack of a pressurised halo of stars and clusters as
seen around the MW.
Bessell et al. (1986) obtained one of the first spectroscopic samples of stellar
velocities in the central region of the LMC. They found their small sample of
very old long period variables has a systemic velocity the same as the HI gas and
young objects. The velocity dispersion of 30 km s−1 agrees with a rotationally
supported disk.
Kunkel et al. (1997) sample stars in the outer regions of the LMC. They
confirm the disk nature of the galaxy and see a flattened rotation curve at large
radii. Larger velocities at the very largest radii are attributed to an SMC -
LMC tidal interaction. The suggestion is these stars form a polar ring, which
resulted from a close SMC encounter with the outer LMC disk. Evidence for
galaxy-galaxy interactions in the stellar population are not obvious. Recently,
evidence of an SMC origin for kinematic outliers in the LMC have been proposed
(Olsen et al. 2011). An extremely close interaction would have caused tidally
stripped SMC stars to enter the LMC disk. Models have shown Magellanic
self-interactions can explain the morphology of the LMC, the steam and bridge,
as well as the bar feature, without invoking MW effects (Besla et al. 2012;
Ru˚zˇicˇka et al. 2010). Dispensing with the need for MW interactions provides
extra support for the notion that the clouds are on their first approach to the
MW.
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Within the gas galaxy there is evidence of two major separate kinematic
components (Luks and Rohlfs 1992). In addition to the main disk ‘D’, which is
only seen in the outer parts of the LMC, a lower velocity ‘L’ component may
be associated with the 30 Doradus complex. This is an ‘S’ shaped, vaguely
spiral feature. Its rotation curve follows that of the disk but is offset at a lower
systemic velocity. The absence of absorption from 30 Doradus indicates it may
be in front of the ‘D’ disk and so too is the associated L component. The
‘L’ component is not associated with the bar. The ‘L’ gas component being a
prominent feature distinct from the disk has led authors to give weight to the
possibility that the bar could also be separate from the disk. Separate velocity
populations have not been clearly identified in the stellar population, having
only been seen at marginal significance levels. Graff et al. (2000) find a sub-
population at 30 km s−1 from the systemic velocity. This is not found in later
studies.
Early studies of the disk kinematics found an S-shaped warp in the disk,
especially prominent in the outer regions. A study of neutral hydrogen radio
emission, Luks and Rohlfs (1992) find that what was previously thought of
as a serious warp in the disk, is explained by transverse proper motion data.
The magnitude of the transverse velocity has only recently been appreciated
(Kallivayalil et al. 2006; Piatek et al. 2008), to the extent that the LMC may
even be gravitationally unbound to the MW, (Besla et al. 2011). However the
question of a disk warp still remains open. Analysis of HI velocities shows that
the galaxy is well modelled by a rotating disk, with some large scale warp Kim
et al. (1998). Olsen and Salyk (2002) found further evidence of a warp in the
disk, using red clump magnitudes from a large photometric study of fifty fields
in the outer disk regions. Their data indicates the galaxy is deformed from a
flat disk in the South West region, otherwise agreeing with Marel and Cioni
(2001) on the viewing angles of the main disk.
The disturbed morphology of the Magellanic system is most clearly seen in
HI maps of the galaxy which also reveal a bridge of gas linking the SMC and
LMC, a leading arm mainly gaseous and the Magellanic Stream of gas trailing
the motion of the clouds (Staveley-Smith et al. 2003; Nidever et al. 2010). The
Magellanic stream extends across half the sky and has no stellar counterpart.
Prominent leading and trailing arms of gas extend well beyond the stellar disk.
The centre of the stellar structure is located near the centre of the bar at the
centre of the visual and infrared photometric isophotes (van der Marel et al.
2002). The dynamical centre of the gas is located about 1.◦2±0.6 away from the
centre of the stellar disk (Kim et al. 1998).
This study probes the inner LMC galaxy where data have been scarce. This
has led to much conjecture about the nature of the bar. Using the largest
homogenous set of medium resolution spectra observed to date, the nature of
this most striking feature is investigated.
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4.1.1 Building a Bar
The stellar bar is the most prominent feature of the LMC, easily visible by the
naked eye. It is offset from the centre of the disk, which is a defining feature of
the Magellanic type irregular galaxy classification proposed by de Vaucouleurs
and Freeman (1972). The bar is a stellar feature not seen in the neutral H I
but that is not uncommon in disk galaxies (Sellwood and Wilkinson 1993). The
fields of stars observed in this study lie within the bar region of the LMC. This
study investigates the nature of the bar from samples of line of sight velocities
and metallicities of giant stars.
Bars in spirals are thought to arise in interacting galactic systems (Shlosman
2008). Bar formation in simulations of disk galaxies are usually a result of
instabilities in the rotationally supported structure (Sellwood and Wilkinson
1993). Sources of disruption include gas inflow, accretion of minor satellites and
tidal inputs from fly-bys. The bar probably drives star formation whether it is
tidally induced or the result of gas accretion. LMC type irregular spiral galaxies
with bars are quite common, such as NGC 4618 (Odewahn 1996). Typically the
bars in these LMC type galaxies are found to have solid body rotation curves
in the inner regions. In general they rotate with the disk, but are frequently
sightly offset from the disk centre.
Previous studies also find no systematic variation in the stellar populations
along the bar. In fact it is remarkably uniform (Nikolaev and Weinberg 2000;
Cole et al. 2005). The oldest populations are the same age throughout the
galaxy (Gallart et al. 2008; Smecker-Hane et al. 2002; Carrera et al. 2011),
while younger and intermediate populations are preferentially found toward the
inner regions. There are hints of past events triggering star formation in the
LMC especially the bar, at around 4 Gyr and more recently at ≤1 Gyr (Harris
and Zaritsky 2009; Smecker-Hane et al. 2002). The last few hundred million
years have seen star formation in 30 Doradus and other regions peripheral to
the bar (Harris and Zaritsky 2009).
A recent study by Haschke et al. (2012) using OGLE III RR Lyrae as stan-
dard candles conclude the bar stands out up to 5 kpc from the disk in this tracer.
This vertical offset was not seen in an analysis of OGLE III red clump data by
Subramaniam and Subramanian (2009). These RR Lyrae could represent a pre-
viously undiscovered halo population of the LMC rather than being tracers of
the bar or disk.
Subramaniam (2003) found evidence of non-uniformity of the bar structure
in the magnitudes of red clump stars from OGLE III. The suggestion is of an
offset bar, possibly an accretion remnant. With a larger sample including the
Magellanic Clouds Point Source Catalogue, Subramanian and Subramaniam
(2010) again find a warp but in a slightly different direction. The scale of vari-
ations is about 1.5 kpc with an error of about 0.5 kpc. The warp is represented
by a varying inclination angle across the face of the galaxy, with about 30◦ in
the outer regions to as little as 16◦ in the central bar region. More evidence
of a warped disk based on Red Clump Magnitudes as distance indicators has
been found (Olsen and Salyk 2002). The location of the warp in the south-west
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region of the outer disk suggests an SMC origin for the perturbation.
Suggestions of a bar structure offset from the disk (Subramaniam 2003) and
a counter-rotating core (Subramaniam and Prabhu 2005) within the stellar bar
have been raised. Zhao and Evans (2000) hypothesise the bar is separate from
the disk and is an unvirialised structure, as does Zaritsky (2004). The spatial
separation and extra depth would give the missing optical depth needed to
account for microlensing event rates. They suggest that the bar and disk are
misaligned in the line of sight as well as in the sky plane. The bar is proposed to
be an accretion remnant core of a smaller galaxy. Following this idea up Zhao
et al. (2003) find no evidence for a kinematic distinction between the disk and
bar in a large spectroscopic study. However they still believe that this may be
hard to see kinematically as the stars are in the same potential well, leaving open
the possibility of two offset disks. This idea is pursued further in several studies
(Subramaniam 2003, 2004; Subramaniam and Prabhu 2005; Subramaniam and
Subramanian 2009; Subramanian and Subramaniam 2010).
Zaritsky (2004) hypothesised that the bar is in fact a bulge feature, common
in disk galaxies. It appears as an off centre bar because of disk extinction of
the northern hemisphere of the spheroidal bulge. They note that this novel idea
would need to be proven by a large velocity dispersion finding in the central bar
region. A spheroid galaxy of LMC mass would have a stellar velocity dispersion
of at least 50 km s−1 (Gyuk et al. 2000). Later studies showed that the dispersion
in the bar is not larger than in the disk, (Cole et al. 2005; Zhao et al. 2003).
Bulges generally consist of old populations, and may indicate a merger history.
The bulge hypothesis is not supported by the evidence.
van der Marel et al. (2002) find negative disk plane velocities in the inner
1.0 kpc, but emphasise that too much weight cannot be placed on this result as
there are very small number statistics in this very inner region. If real, these
negative velocities would indicate counter-rotation at the disk centre. Spec-
troscopic data from Zhao et al. (2003) does indeed show a local variation in
the velocity gradient near the rotation centre which elsewhere trends smoothly,
mainly across and slightly along the line of nodes in this region. The “V”
shaped dip was noted by Subramaniam and Prabhu (2005) who correctly in-
terpret this as further evidence for some kind of irregularity in the central bar.
Their hypothesis is a counterrotating, or secondary disk feature.
The 30 Doradus complex in the North East is one of the many young clus-
ters less than about 30 million years old associated with Shapley’s constellations.
Dottori et al. (1996) argue that the 30 Doradus region could be part of an off-
set bar that leads the stellar bar. This younger bar is a result of supersonic
shocks induced by the offset stellar bar, which induced star formation as they
compressed galactic HI. Clusters older than 30 million years are more closely
associated with the optical stellar bar. This suggestion is of a very cosmologi-
cally recent origin for this leading bar, the cause being a slightly older but still
comparatively recent stellar bar.
It may be that an off centre bar appears because of disturbances to the disk
rather than the central bar region (Bekki and Chiba 2005; Bekki 2009). The bar
is still at the dynamical centre of the system. The off centre bar comprises both
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Table 4.1: Log of Observations
Target α (J2000)a δ (J2000)a UT date UT start Airmass texp (s)
LMC Bar West 05 10 00.47 −68 45 04.4 2010:01:02 16:31:32 1.58 3×1200
47 Tucanae 00 24 05.69 −72 04 53.1 2010:01:03 10:28:50 1.46 3×540
LMC Bar East 05 29 45.70 −70 05 28.3 2010:01:03 11:02:04 1.33 3×1200
aCentre of AAOmega-2df field
young and old LMC stellar populations. N-body simulations can produce a bar
from interactions with the SMC. The suggestion is that the disk itself appears
to be shifted by an interaction with some kind of MW dark halo structure. The
main conclusion being that the bar already existed, as evidenced by old stellar
populations in the bar.
The literature demonstrates the level of conjecture and conflicting evidence
concerning the nature of the bar. The aim of this study was to obtain an
homogeneous spectrographic data set that included both bar and disk stars,
allowing a comparison of their properties. Only bar observations were able to
be made so we supplement the study with disk data from the literature. We
report on the kinematics and metallicities in two central bar fields each covering
2◦, in order to shed light on the nature of the LMC bar.
4.2 Observations
4.2.1 Target Selection
The IRSF point source catalogue was used to select targets for the AAOmega
observations; the catalogue goes deeper than 2MASS to a 10σ limiting K mag-
nitude of 16.6 (Kato et al. 2007; Skrutskie et al. 2006). From the DENIS near
infra-red catalogue (Cioni et al. 2000) of the Magellanic clouds a relation be-
tween I magnitude and K magnitude was found, Is ≈ 1.01 × Ks + 1.51. The
RGB stars are brighter at K band as expected. This relation was used to broadly
compare the I magnitude used in the AAOmega signal to noise calculator and
the IRSF K magnitude (Kato et al. 2007). The AAOmega sensitivity calculator
indicated twenty minute exposures were needed to achieve a signal to noise ratio
of 20, with seeing of 1.5” to 2.0”, for I magnitudes brighter than 15.5, which
translates to a K magnitude threshold of about 14. We selected Red Giant
stars brighter than this limit, with magnitudes less than 13. We observed three
separate exposures of fields, each for twenty minutes. See Table 4.1 for details.
CMDs were plotted for each of the ten fields covering the bar and disk, see
Figure 4.1. Two populations are visible in the CMD, a Galactic RGB and a
Magellanic RGB (Nikolaev and Weinberg 2000). We chose stars from the more
populous Magellanic RGB with magnitudes brighter than 13, corresponding to
region E in Figure 3 in Nikolaev and Weinberg (2000). We also selected from the
oxygen rich asymptotic giant branch (AGB) region above the RGB tip, region
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Figure 4.1: Colour magnitude target selection from the IRSF catalogue, for
North East bar field.
J in Nikolaev and Weinberg (2000) which represent intermediate age stars. We
also sample region I, which represents a younger population of intermediate
mass giant stars. This is described as a vertical extension of the red clump
defined in MACHO (Alcock et al. 2000). It is associated with the LMC and is
distinguishable from the RGB below about magnitude 13 which is the region
we sample (Figure: 4.1). For the purposes of the fibre configuration program we
weight AGB and reddened giant stars above the RGB tip at 12.2 K magnitude
by a factor of 3 so that they are as equally likely to be sampled as the much
more populous RGB stars below the tip. The factor 3 is the number ratio of
the two populations.
The RGB spatial density most clearly traces a bar and symmetric, undis-
turbed disk. The RGB stars represent an intermediate age population of about
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2 Gyr and less than 6 Gyr (Cole et al. 2005), while individual stars may be up
to 13 Gyr old. No dependence of stellar type or metallicity has been found in
the bar region. We might expect that younger stars would be concentrated in
the bar if it is a recent tidal feature that may have induced star formation. But
such a population does not seem to dominate, although there are young stars in
the bar. This indicates that the bar is quite an old feature. The offset nature
of the bar, or conversely the disk, could be a recent phenomenon.
The potential targets are chosen if they have quality value 1 in each of J,H
and K bands (Kato et al. 2007). They are sources that fit the PSF function well,
are not extended or unresolved double objects, saturated, faint or “odd shaped”.
Additionally the IRSF adjacency criteria was used, so stars were selected only
if there were no stars within the radius of the FWHM of the PSF of the object
(Kato et al. 2007). The angular diameter of the AAOmega fibres is ∼ 2′′.
The dense LMC field provides a surplus of target opportunities. For each of
the ten fields, the field target list was checked against every neighbouring field
for duplicate targets in regions where the fields overlapped. Duplicate objects
were assigned in equal numbers to one field or the other. Bright stars within a
one magnitude range from 13-14 K mag were chosen from the IRSF catalogue
target list as guide objects for the telescope so they had the same astrometric
characteristics. Eight guide stars were chosen for the eight dedicated guide fibres
and selected in a pattern that covered the field periphery evenly. Two AAOmega
fibre configurations were generated for each field in case opportunities arose for
extra exposures.
Critical to the success of the observations was finding good sky regions for
telluric subtraction. Dark regions in the LMC were hard to find in the crowded
and bright field. Digital Sky Survey red images with 1′′ resolution from the
UK Schmidt telescope were plotted and emission contours added (Figure 4.3).
Manual selection of sky points with the lowest emission was employed to place
the sky fibre positions. Otherwise slewing away from the large LMC extent to
dark sky would have been required.
Velocity reference targets in the LMC itself were Long Period Variables
(LPV) chosen from Hughes and Wood (1990), whose Galactocentric velocities
were converted to heliocentric for the fxcor task. This was a poor choice, as it
later turned out variables don’t make good reference stars. Velocity references
in 47 Tucanae and Melotte 66 were originally taken from (Cole et al. 2004).
The 2MASS PSC was used for target selection and astrometry for 47 Tucanae
and Melotte 66. Criteria for selection from the catalogue were AAA photometric
quality, 000 confusion quality and point-like 0 extended confusion quality. The
47 Tucanae field was centred on the cluster at 00h24′05.2′′,−72◦04′05′′, and
Melotte 66 field at 07h26′23′′,−47◦40′00′′.
Reducing the 2MASS field to 24 arcminutes the CMD of 47 Tucanae became
clear (Bergbusch and Stetson 2009). The red giant branch including the red
clump, the horizontal branch and associated supergiant branch extending above
that were chosen. Some SMC stars may be included, mainly the brighter end
supergiant, AGB, carbon and oxygen stars. The greater apparent magnitude
meant we observed three exposures of nine minutes to achieve a similar signal
100
4.2. OBSERVATIONS
1.0 1.5 2.0 2.5 3.0 3.5
13
.0
12
.5
12
.0
11
.5
11
.0
10
.5
10
.0
J−K
K
Figure 4.2: Colour magnitude diagram of the sample selected for analysis. Cir-
cles are RGB, crosses O-rich AGB, triangles C stars and asterisks C stars red-
dened by circumstellar dust.
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Figure 4.3: UKST DSS red image of the LMC with contours added. White
regions within black contours mark low emission areas suitable for sky fibre
placement.
to noise as the sixty minute LMC fields.
4.2.2 Data
Three nights were allocated but poor weather limited observations to three
fields only in early January 2010. These fields are listed in Table 4.1. Two 2◦
fields of the central LMC bar region were observed and one field of the globular
cluster 47 Tucanae, which contained many velocity template stars to be used
for calibration. Three separate 20 minute exposures of each LMC bar field were
made to average out cosmic ray strikes on the CCD. Flat fields and arc lamp
exposures were done at the end of each observation for calibration.
A typical signal to noise ratio (SNR) for the eastern field is 35, for the
western field it is a little noisier at 25 due to some light cloud near the end of
the observation, Figure 4.4. There are some stars with a SNR of as little as
7, for which we get a sensible velocity, albeit with a large errors of more than
20 km s−1 reported by FXCOR. Later analysis suggests that even with large
errors the low SNR stellar velocities are in good agreement with the high SNR
stars. The Ca II triplet is such a strong feature in RGB stars that even the
low SNR does not mask the information. However, we restrict our analysis to
stars with a SNR of at least 15, and errors less than 20 km s−1. The mean error
is 6 km s−1. There is a complete list of sources with velocities and errors in
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Figure 4.4: Velocity errors plotted from West to East show the western field
(which had worse seeing) resulted in slightly higher errors.
Table E.1.
4.2.3 Velocity Templates
We initially used long period variables (LPV) velocity references from Hughes
and Wood (1990) calibrated against three velocity templates in 47 Tucanae
(Cole et al. 2004). A spread of about 30 km s−1 indicated the Hughes velocity
references were unsatisfactory. The choice of LPV stars as velocity standards
was poor as the atmospheric radii may change with luminosity resulting in
varying velocities in time. While the Hughes templates have large variability,
the residuals shown in Figure 4.5 show individual velocities from spectra are
accurate to within about 1 km s−1 while the systematics show a large range. The
stellar velocities given for the template spectra have errors of about 7.7 km s−1.
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Figure 4.5: A subset of the observed 47 Tucanae velocity standards were cross-
correlated with long period variables observed as standards in the LMC with
velocities from Hughes and Wood (1990). The colours show individual stars
showing good velocity precision within 1 km s−1 but poor systematic accuracy
with 2 km s−1 to 8 km s−1 offset from the zero point of quoted literature veloci-
ties. These variable stars proved to be poor velocity templates.
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Recent data from Lane et al. (2010) obtained with the AAOmega multi-fibre
spectrograph uses a modified RAVE pipeline for velocity determination called
KISS. These data are used for for comparison with our data on 47 Tucanae.
There were 266 matching objects, so a high quality subset of 29 of our ob-
served spectra were cross correlated with the velocity values published by Lane
et al. (2010) which have errors estimated at less than 2 km s−1. Using these as
templates in the IRAF FXCOR task we find agreement with our initial results
within less than 5 km s−1.
As a check 35 velocity template spectra from Hankey and Cole (2011) also
recently obtained with AAOmega were selected. Cross correlation with these
spectra find agree with the correlations with the Lane et al. (2010) data within
2 km s−1. This indicates AAOmega multi-fibre velocity results, through fxcor,
RAVE and KISS pipelines are consistent within errors across recent epochs.
There are 29 cross-correlations with template stars from 47 Tucanae and
the mean of the 29 cross-correlations is quoted as the velocity measurement.
We do not quote the smaller standard error in the mean as the error in the
velocity, as the individual errors in each of the 29 velocity correlation estimates
are not independent. The one observed science spectum is common to all 29
cross correlations. The error of 2 km s−1 in the template stars has not been
added in quadrature with the fxcor errors. This is of no consequence given
the dominance of the conservative mean value of the cross-correlation errors
reported by fxcor. This is the error we quote in Table E.1.
4.3 Results
A histogram of the velocities is plotted in Figure 4.6. It is well modelled by a
Gaussian distribution with mean 259 km s−1 shown as a solid curve. There is a
slight excess at the peak of the distribution at higher velocities. The fit is not
improved by modelling the velocity sample as the sum of two distributions.
There is a maximum velocity gradient in a direction NE, consistent with the
disk model, Figure 4.7. Subramaniam and Prabhu (2005) also note this gradient
at position angle 40◦ East from North.
We check for colour and velocity correlations, but find none, Figure 4.8
shows a slight effect of increasing velocity with magnitude, 6 km s−1 over the
two magnitude data range. There is a 9% probability that this is a random
effect, which suggests it is only significant at a marginal level. Whether it is a
consequence of the spectroscopy or the fitting to better signal to noise spectra,
or in fact a feature of the AGB and RGB populations is not known. In Figure 4.9
the best linear fit is shown.
The velocities of different populations based on colour and magnitude are
shown in Figure 4.10. The difference in means is not statistically significant.
The E region shows a little more variance, where there may be dwarf contami-
nation in the RGB region. The selection criteria were based on the populations
identified in Nikolaev and Weinberg (2000). We chose regions E, F, J, K from
their Figure 3. There are 352 stars in our sample from region E, 270 from region
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Figure 4.6: Radial velocities in our sample with theoretical Normal distribution
N(µ = 259, σ = 24).
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Figure 4.7: Steepest gradient of observed velocities increases in a direction NNE
from the rotation centre at 9 km s−1 per degree, almost perpendicular to the line
of nodes.
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Figure 4.8: Velocity and colour show no correlation.
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Figure 4.9: Velocity shows a very small and marginally significant dependence
on magnitude in our sample.
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Figure 4.10: Stellar populations defined in Nikolaev and Weinberg (2000) show
no systematic variation in mean and the standard deviation boxes are of similar
size. Region K represents only a handful of reddened Carbon stars.
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F, 45 from region J and 7 from region K. Stars redder than J-K = 1.6 are mostly
carbon stars with some extremely reddened by dusty environments. The E re-
gion contains late non-helium burning RGB stars and are a dominant feature of
the disk and bar. This region includes the tip of the RGB. Stars in the F region
are Oxygen rich AGB mostly evolved from the RGB E region population. J
region has Carbon stars and region K are the heavily reddened Carbon stars.
The K region is spatially associated with the central region of the galaxy. There
are only a few examples of these stars reddened by circumstellar dust. There are
a very few examples of very late life AGB stars from a small sample of (Hughes
and Wood 1990) which are Long Period Variables (LPV). We divided our final
sample into these population types and compared their velocity distributions.
4.3.1 Comparison with Zhao
Zhao et al. (2003) (Z03) observed the largest set of velocities, 1347 stars, in
the region covered by our data, Figure 4.11. Their sample has velocity errors
< 50 km s−1. The main features of the distribution of their data agree with
ours.
Both data sets are well modelled by a Normal distribution with standard
deviation of 24 km s−1. However there are systematic errors between the data
sets. We calculate the mean velocity for a subset of their data covering the
same area of sky as our fields as 273 km s−1. Our sample has a mean value
of 259 km s−1, a difference of 14 km s−1 Figure 4.6. Van der Swaelmen et al.
(2013) find a mean of 261 km s−1 for a sample of 103 RGB stars and Cole
et al. (2005) find 257 km s−1 for 373 RGB stars in the bar region. We have
one object in common, 2MASS i.d. 05304038-7049072. We find a velocity of
214± 5 km s−1 whereas Z03 derive 265± 16 km s−1, a difference of 51 km s−1, a
large discrepancy which is investigated later in this thesis.
Figure 4.12a shows our data compared to a Normal distribution. Quantiles of
the cumulative theoretical Normal distribution on the x-axis are plotted against
our corresponding data on the y-axis. The deviation from Normal at the low
and high ends indicates heavy tails. The deviation from a Normal distribution is
only slight, a Schapiro-Wilks test of Normality gives a 98% probability of being
Normally distributed. We compare Z03 from the same region with our data
Figure 4.12b. The Z03 data have an identically shaped heavy tail distribution
except systematically shifted to a higher median velocity of 273 km s−1, rather
than our 259 km s−1.
The dip in the mean velocity near the centre of the bar that Subramaniam
and Prabhu (2005) find in the Z03 data is not seen in our data, Figure 4.13. The
figures are data in the same region of the sky, smoothed by a locally weighted
non-linear least squares regression with the same sized kernel. We note that the
dip in Z03 velocity at the centre is dependent on the amount of local weighting,
or the span of the smoothing applied to the data. With larger smoothing Z03
data begin to looks like ours. The bin sizes used by Subramaniam and Prabhu
(2005) are also critical in bringing this feature out in plots. The larger velocity
dispersion and error in the Z03 data argues for a larger smoothing than that
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Figure 4.11: Our data, open circles, Z03 data, points.
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(b) Quantiles of our data compared to Z03
data in the same fields of LMC, median
values dotted lines.
Figure 4.12
applied to our data.
Following Subramaniam and Prabhu (2005) we select a subset of our data
that lies within 0.◦4 either side of the line of nodes. We plot our data and Z03’s
data in a similar fashion to the lower left panel in Figure 3 Subramaniam and
Prabhu (2005) showing the variation of LOS velocity with radial distance from
the rotation centre ρ. Our data again shows very dissimilar features to the Zhao
data.
Z03 data includes stars from a wider selection criteria than our data. It may
be the case that the difference between our data and Z03 is due to the non- RGB
population measured in their study. We select two subsets of Z03 data, one is an
equivalent colour selection to our sample, and the other is everything bluer than
our sample. We still see the same features in Z03 data, so selection effects are
not the cause of the discrepancy. Z03 also don’t find any other spatial-velocity
relation. We note the effect of binning too finely in the spatial dimension along
the line of nodes exaggerates the “v” shaped feature whereas greater averaging
reduces the effect. The feature also appears near the boundary of three of the
Zhao fields and could be due to a systematic difference between fields which
were observed at different times.
Z03 has a wider colour range than our sample, so we test for parameter
dependence on colour. If we subset Z03 with just the RGB colour range we
still get the same shape distribution with subtle heavy tails, same mean and
standard deviation, as with the whole Z03 sample.
Our large calibration set from 47 Tucanae from the same instrument, the
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Figure 4.13
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Figure 4.14
concurrent observations and the precision of the AAOmega spectrometer pre-
clude any obvious systematic error in our data. The Z03 field mainly coinciding
with our western field was observed over a year before the other fields. The
2df spectrograph was located at the top of the telescope and was notorious for
changing geometry at different elevations. The accuracy of the instrument was
suitable for galaxy redshift surveys on cosmological scales, where rms errors
estimated at 85 km s−1 were acceptable (Colless et al. 2001).
An attempt was made to re-reduce the raw Z03 data, which are available
online at the Anglo-Australian Telescope (AAT) archive. The Z03 data were ob-
served with the same telescope, but using the 2DF spectrograph, the antecedent
of AAOmega. Z03 used a standard observing mode on the 2dF spectrograph
with the 1200 V grating. Twenty dedicated sky fibres were observed in each
field. We re-reduced the data using the 2dfdr pipeine. It was hoped cross corre-
lation with our blue spectrograph arm data might provide a way to calibrate the
data sets. Sky subtraction using the dedicated fibres was largely unsuccessful.
The worst cases resulted in negative flux in object spectra after sky subtraction.
It is very difficult to find dark sky positions in the inner LMC fields observed.
The usual process of randomly assigning sky fibres and having most of them fall
on empty sky is not possible in this region.
From the remaining data with reasonable spectra, the range of spectral types
that didn’t match our red giant sample were discarded. This left a small sample
of stellar spectra where the magnesium triplet at 5167 A˚, 5173 A˚ and 5184 A˚
was clearly visible. Some velocities with errors of about 50 km s−1 could be
obtained. The wholesale re-reduction of the Z03 data and calibration with our
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Figure 4.15: A very simple solid body rotation curve can be fitted to our stellar
sample.
sample was unsuccessful.
The Z03 data are calibrated against just one velocity standard K-type giant
stellar spectrum (Zhao et al. 2003). Ten good spectra from each colour range
are used as templates to cross-correlate the survey stars to obtain a velocity
offset from the best matching correlation. The distribution of offsets from each
template is fitted to the peak of the distribution of LMC velocities, except for the
K-type template which is compared to an actual velocity reference. This gives
the sample internal precision, but not an absolute accuracy, and was suitable
for Z03’s purpose of identifying two velocity populations in the sample.
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4.3.2 Disk Rotation Model
A model of the LMC disk is proposed by van der Marel et al. (2002), who took
a sample of carbon stars located in the periphery of the galaxy and used these
data to fit a model of line of sight velocity. The line of sight velocity of a star is a
function of the angular distance on the sky from the centre of the disk structure
ρ, and the position angle from North Φ. Disk plane orbits are modelled by a
rotation curve V (R′) which is parameterised as,
V (R′) = V0
Rη
Rη +Rη0
 4.1
This is the same LMC model as employed by Alves and Nelson (2000), with
geometric corrections for the large spherical angle subtended by the galaxy on
the sky, and includes a term for precession of the disk inclination.
The transverse centre of mass velocity vt can be expressed in components
along the line of nodes, vtc = vtcos(Θt − Θ) and perpendicular to the line of
nodes vts = vtsin(Θt−Θ), where Θt is the angle of the transverse velocity, and
Θ is the angle of line of nodes, from North. Along the line of nodes the position
angle of a star Φ is the same as the line of nodes so Φ−Θ = 0. We can define
a systematic motion corrected velocity, vlon ≡ vlos− vsys cos ρ, which yeilds the
simplified relation, given sin Φ−Θ = 0 and cos Φ−Θ = ±1,
vlon =vtc sin ρ− V (R′)f sin i
=vtc sin ρ− V (R′) sin ρ sin i
= sin ρ (vtc − V (R′) sin i)
showing that along the line of nodes the LOS velocity (corrected for systemic
LOS motion) is simply proportional to sin ρ. That is, if the LMC rotation curve
V (R′) is linear, which it has been found to be up to 4 kpc from the centre, after
which it flattens out to at least 60 km s−1 (Alves and Nelson 2000).
At the centre where ρ = 0 the line of sight velocity of the disk rotation is
zero, so measurements of radial velocities here measure the systemic line of sight
velocity of the galaxy directly. The only systematic source of error would be
the choice of rotation centre.
The disk plane velocities were calculated from our radial velocities using the
model of van der Marel et al. (2002) as follows:
Vdisk(ρ,Φ) =[vsys cos ρ− vt sin ρcos(Φ−Θt)
+D0(di/dt) sin ρ sin (Φ−Θ)
− vlos]× g−1
Where g is,
g = f sin i cos (Φ−Θ)
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a function of the geometric factor,
f ≡ cos i sin ρ− sin i sin ρsin(Φ−Θ)
[cos2 i cos2 (Φ−Θ) + sin2(Φ−Θ)]1/2
which describes the projection of the circular disk orbital velocity into the
plane of the sky. Perpendicular to the line of nodes, cos (Φ−Θ) goes to zero at
the rotation centre, making g(f) small. For g ≤ 0.2 the projection into the line
of sight of disk velocity is of the order of the error in the radial velocity. We
therefore exclude these data following Olsen and Massey (2007). The subset of
the data employed with |g| larger than 0.2 is shown in Figure 4.16.
Our data at the centre of the LMC provide weak constraints on the global
orientation of the disk. We take disk geometry parameters from van der Marel
et al. (2002). The centre of mass is given as αCM = 5
h27m.6 and δCM = 69.
◦87.
We take the line of nodes of the disk as 130◦, and the inclination angle of the
disk to be 34.◦7±6.◦2 (van der Marel et al. 2002). A recent study of Cepheid
and RR Lyrae standard candles to create a 3D map of the LMC arrives at an
inclination of 32◦ ± 4◦ (Haschke et al. 2012). They also find line of nodes to be
115◦ ± 15◦.
The values for proper motion are taken from Piatek et al. (2008) with trans-
verse velocity of 476 km s−1 in a direction 78◦. They find the precession and
nutation terms to be consistent with zero, and we employ this result. How-
ever we note that the average of van der Marel et al. (2002) and Olsen et al.
(2011) gives di/dt= -0.5162 mas /yr. For D0 = 50.1 kpc this translates to
−122.6 km s−1. The di/dt precession term has no effect at the very centre of the
galaxy, and up to a maximum of about 6 km s−1 at the extrema of our observed
fields.
We take an iterative approach to fitting a rotation curve to the observed ve-
locities. For all samples we exclude velocities with errors greater than 20 km s−1.
We estimate a systemic velocity by first assuming a model for the rotation curve.
This allows us to transform the data to the plane of the LMC disk. We then
use this transformed data to get a better model, then use this model to get a
better systemic velocity. We show that this bootstrap method is insensitive to
starting conditions.
We use the heliocentric radial velocity to estimate the systemic velocity using
a very simple solid body rotation curve. This is not unreasonable in the inner
2.5 kpc of galaxy, at greater radii we expect the rotation curve to flatten out.
From exploratory analysis we set the linear relation to 24 km s−1 kpc−1 and
assume the disk velocity is zero at the centre. For each star in our sample the
systemic velocity is calculated and the distribution is analysed. The distribution
is close to the Normal distribution, and the mean value of systemic velocity is
250 km s−1 and median 251 km s−1.
Using this estimate of the systemic velocity we proceed to transform the
heliocentric radial velocities to in disk plane velocities. The disk velocity data
are grouped by radius to give equal number bins. The van der Marel et al. (2002)
model was fitted to the mean values of the binned data from our sample using a
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Figure 4.16: The velocity in the disk plane becomes sensitive to error perpendic-
ular to the line of nodes at the rotation centre αCM = 5
h27m.6 and δCM = 69.
◦87
(van der Marel et al. 2002). Velocities in this region have almost no component
in the line of sight. The subset of data which can be transformed to disk plane
velocities is shown. The solid points are a subset with heliocentric radial ve-
locity of 248 km s−1, a direct measurement of the systemic velocity of the LMC
without systematics.
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plane velocities and binned the same as
our data. The rotation curve is very dif-
ferent at the centre.
Figure 4.17
non-linear least squares method. We found parameters V0 = 57 km s
−1, ν= 2.5
and characteristic disk radius R0= 1.0 kpc. The fit is plotted in Figure 4.17. The
error bars represent the error in the estimation of the mean value in the equal
number bins, they do not represent the variability in the individual velocities.
Rather than the first simple linear model, we now use this more refined
model to again estimate the systemic velocity from the measured heliocentric
velocities. Such a distribution is shown in Figure 4.18a.
There is some degeneracy between the systemic velocity and the rotation
curve model parameters, as we must assume model parameters to get an esti-
mate of systemic velocity which we then plug back into our model estimation.
Exploration of a range of disk model parameters show the starting systemic ve-
locity arrived at does not depend sensitively on choice of model. For 2 < η < 3,
for 40 km s−1 < V0 < 100 km s−1, and 0.5 < R0 < 2.5 the systemic velocity
ranges from 249 km s−1 < V0 < 261 km s−1. Yet whatever systemic velocity we
choose to perform the transform, the model fitted to the transformed data by
non-linear least squares is close to Equation 4.2.
V (R′) = 57.4
R2.5
R2.5 + 1.02.5
 4.2
For example, if we use a systemic velocity 260 km s−1 to transform the ve-
locity data to the disk plane, we find a best fit model with V0 = 61 km s
−1,
η = 2.4 and R0 = 1.14. When we estimate the systemic velocity using this
model we again get a median of 253 km s−1 with a similar distribution. Re-
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Figure 4.18
iterating with systemic velocity 253 km s−1, and transforming the data to the
disk plane, we converge on the optimal model 4.2. With this model we arrive at
the distribution of systemic velocities calculated on each star in Figure 4.18a.
The distribution of systemic velocity estimates is very close to a Normal
distribution, with a slight low tail. The mean value is 253 km s−1, however
the median value, 254 km s−1 is a better estimator of the true value given the
slight non-Normality. The standard deviation of 23 km s−1 reflects the standard
deviation of our sample of heliocentric radial velocities. Using a bootstrap Monte
Carlo resampling method to estimate the range of possible values allows for the
slight non-normality of our sample, and we obtain a 95% confidence interval for
the 249 km s−1 to 259 km s−1 Figure 4.18b.
The carbon stars from Kunkel et al. (1997), which were used by van der
Marel et al. (2002), form a ring around the periphery of the galaxy; as well
as the curious central objects, which in the VDM model appear to be counter-
rotating with a disk velocity of −30 km s−1. However with our model of the
inner galaxy counter-rotation disappears. If the systemic line of sight velocity
is forced to 263 km s−1 the model disk velocity at the centre is −20 km s−1. The
systemic velocity we estimate based our data alone is 254± 5 km s−1
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Figure 4.19
4.3.3 Outer field sample
A selection of data from the literature was used to refine the model and check
the validity of our data. These extra velocity samples cover the region of our
observations and out to several degrees beyond. Stars from outer regions in
particular help constrain the model at larger radii, where our observations have
not sampled. A sample of LMC stars in fields around globular clusters in the
LMC from Grocholski et al. (2006) provided a sample of disk stars at larger
radii, Figure 4.20d. The stars were identified as not belonging to the clusters
but to the LMC disk in the background. A handful of stars identified as non-
cluster with velocities less than 0 km s−1 were assumed not to be LMC field stars
but Galactic foreground objects.
The inner LMC field stars around the cluster NGC 2019 are within a few
arcminutes of the rotation centre and have a mean heliocentric velocity of
254 km s−1. We expect the circular galaxy rotation to go to zero near the cen-
tre, the velocity at this point should represent the systemic line of sight radial
velocity of the galaxy. The LMC background stars around this cluster confirm
the systemic velocity indicated by our sample.
We also included a set of red supergiant stars from Massey and Olsen (2003)
which are within a few degrees of the galaxy centre, (Figure 4.20b). A large
set of 377 RGB stars with velocities from Cole et al. (2005) are also sampled,
(Figure 4.20a). These lie close to the rotation centre in the bar region. There is
also a large set of velocities published for planetary nebulae in the bar region,
Figure 4.20c, summarised by Reid and Parker (2006). We deal with this sample
separately in the next section.
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Figure 4.20: Locations of literature data
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Table 4.2: Disk Models
Reference V0km s
−1 R0kpc Vsyskm s−1 Prop.Mot.Vtranskm s−1
Luks and Rohlfs (1992)a 70 1.4 274
Kim et al. (1998) a 63 2.4 279 286
Alves and Nelson (2000) 72 4.0 286
van der Marel et al. (2002) 50 2.8 262 281
Olsen and Massey (2007) 74-107b 2.1 263-266b 490
Piatek et al. (2008) 120 4.0 287 475
Olsen et al. (2011) 87 2.4 263 475
This study observed 57 1.0 254 475
This study observed & literature 85 1.9 257 475
This study final MCMC estimate 79 1.9 255 475
aHI gas studies; bVarious tracers, Carbon stars, red super-giant (RSG) stars
and HI gas.
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We find that the additional data changess the model fit slightly. The high
density of the 377 stars from Cole et al. (2005) adjacent the rotation centre
dominate the statistics of the central 0.5 kpc and raise the systemic velocity
from 254 km s−1 to 257 km s−1. The data in Figure 4.21 has unequal bin ranges
to keep the number of stars in each radial category similar. We also explore the
consequence of varying disk inclination angle in Figure 4.21. Using the model
of Subramanian and Subramaniam (2010), which has a warped disk with less
inclination at the centre, we see the basic rotation curve is preserved. The more
face on central disk projects less disk velocity into the radial line of sight, so more
disk velocity is required to account for the observed line of sight velocities. This
increases the steepness of the central rotation curve slope. This demonstrates a
simple rotation model is robust to variations in inclination angle.
0 1 2 3 4 5 6
0
20
40
60
80
Disk radius kpc
D
is
k 
ve
lo
ci
ty
 k
m
s−
1
(a) The model fit to our sample plus lit-
erature data (except PNe ), error bars
show the standard error in the mean of
the equal number bins.
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(b) Warped disk model of Subramanian
and Subramaniam (2010) has a more face
on central region and less rotation veloc-
ity projected into line of sight. Higher ro-
tation velocities are required to account
for observations than in flat disk model
(a) (dotted line).
Figure 4.21
The extra data updates the model parameters based on our sample alone.
We originally fitted this model to our observations, V0 =57 km s
−1, R0= 1.0 kpc
and ν= 2.5. The new model with extra data at larger radii where the rotation
curve attains a steady maximum is V0 = 85 km s
−1, R0 = 1.9 kpc and ν = 1.3.
The new model rises slightly less steeply to a higher maximum rotation velocity.
This brings the maximum velocity closer to the HI velocity and agrees with the
rotation model of Olsen et al. (2011).
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Planetary Nebula
We also considered a set of PNe which were identified and measured spectro-
scopically by Reid and Parker (2006). While the spectroscopic velocities are
not of the central object, the higher excitation lines measured are thought to
come from close to the central ionising object, within 10 km s−1 rather than the
outer regions which could be up to 50 km s−1 away. We find that this data set
is systematically offset from our data in the same region by about 10 km s−1.
The dispersion of the PNe velocities is 26 km s−1, which is exactly the same as
our data plus the outer field sample dispersion which is also 26 km s−1. Our
observations alone, which are in the inner bar region, have a standard deviation
of 24 km s−1.
The PNe velocities, with a median heliocentric velocity 267 km s−1, are sys-
tematically higher than our data. The Zhao data with median 273 km s−1 is
similarly higher. Both sets of observations were made on the 2df spectrometer
which may indicate a systematic difference with the AAOmega spectrometer.
The 2df spectrometer was located at the prime focus of the Anglo-Australian 4
metre and moved with the telescope. Mechanical stress on the spectrometer was
a known problem at low elevations. We hypothesise that at the typical low ele-
vations required when observing the LMC at declination −71◦ the 2df spectra
have been shifted systematically. This is not a problem for the extra-galactic
redshifts which the instrument was designed to observe, but a systematic differ-
ence has been noted by us in two data sets.
Apart from the offset, the PNe show an even more obvious disk rotation
profile than our observations, Figure 4.22. Reid and Parker (2006) also find a
rotation curve from their planetary nebula data in the centre that approximates
a solid body linear profile. We transform the PNe velocity data, to the disk
plane. A straight linear model of a rotation curve fit to the disk velocities
gives a slope of 35 km s−1 kpc−1 with an intercept of −14 km s−1 at the rotation
centre, which represents the systematic offset of the order of 10 km s−1. It is
once again the lack of data in the very inner regions which causes the PNe
data to fail to show the steep inner rotation curve our data samples. The PNe
sample has only 18 points inside 0.5 kpc which have a mean heliocentric velocity
of 267 km s−1. Again the importance of sampling the central region of the LMC
is demonstrated.
4.3.4 Simulating Model Parameters
The method of bootstrapping from model to model while updating the sys-
temic velocity at each iteration is a little cumbersome, and convergence is not
guaranteed. The circular causality is problematic, with the inter-dependence of
systemic velocity and rotation model parameters potentially creating feedback.
Creating a scheme to obtain samples from the distributions of the model param-
eters using Markov chains proved difficult. This method was used to estimate
parameters for an IC 4499 Plummer density model, an appropriate approach
for low sample numbers. The LMC sample plus the literature data comprises
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Figure 4.22: PNe radial velocity data (Reid and Parker 2006), transformed to
disk plane velocities by our model, a simple linear fit to a rotation curve shown.
Negative velocity at zero radius indicates higher systemic from this data.
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a large sample now of 1707 stars. The MCMC method is useful in this case as
it incorporates the effect of individual errors and accuracy of disk geometry as-
sumptions on each measurement into the distribution of parameters, and gives
robust error bounds.
The circular causality is illustrated in Figure 4.23. The edge between sys-
temic velocity and model parameters nodes is where we tackle the causal loop.
Using a Gibbs sampler breaks the loop by sampling for the systemic velocity,
given the current state of all the other model parameters, which are held con-
stant. Afterwards a Metropolis-Hastings algorithm is used to sample the full
conditional joint distribution of rotation model parameters and disk geometry
parameters within the Gibbs sampler.
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(a) A cyclic causal relation
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(b) Becomes an acyclic causal relation
Figure 4.23
The Metropolis method requires some tuning to control mixing and step
size of the random walk through the distribution. This is accomplished by
specifying priors and controlling the step size for each proposal with a scaling
matrix. Allowing all parameters to vary broadly, numerical problems arose
from the geometry. If the disk inclination parameter went near 90◦, edge on,
then problems arose from this completely unrealistic scenario. Similarly the
disk inclination parameter could sometimes go towards 0◦, face on, where no
rotational velocities are projected into the line of sight. Yet the LMC has been
shown to be inclined into the line of sight. These difficulties were overcome by
adjusting the prior distributions to be more informative and hence proposals for
the next step were more cautious.
It is reasonable to use informative priors where there are a range of estimates
from various LMC studies into the disk geometry parameters. The priors are
broad enough to cover the range of possibilities. By placing informative priors on
the disk geometry parameters, like the disk rotation centre, inclination and line
of nodes, we were able to keep the simulated models within reasonable bounds.
The real parameters of interest, disk scale, curve shape and maximum rotation
velocity were then able to be specified using only weakly informative priors. For
every new sample of the parameter space the 1707 observed velocities were re-
transformed to the disk plane using updated values for the parameters based on
the last sample. This method then gives robust estimates of the rotation curve
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Figure 4.24: Four Markov chains of 1000 shown as time series.
parameters, and allays doubts about convergence of the bootstrap method.
Recent estimations from Hubble observations of the proper motion of the
LMC by Piatek et al. (2008) were employed. Changes in disk inclination angle
due to precession and nutation are taken to be zero based on Piatek et al. (2008)
as opposed to the small factor used by van der Marel et al. (2002). Again the
data was sub-setted to exclude data near the centre and perpendicular to the
line of nodes that has a small factor g, the inverse of the projection factor.
When g is less than 0.2 division results in the magnification of errors. The disk
velocities were again calculated using the model of van der Marel et al. (2002).
Informative Normal priors were chosen for the rotation centre location, and
line of nodes position angle. Four chains of 1000 iterations are shown as a single
time series in Figure 4.24. Weakly informative Normal priors were chosen for
the disk rotation model parameters. The inclination angle was originally weakly
constrained and part of the full conditional distribution but caused problems as
it approached an edge on disk, the disk plane velocities get extremely large, and
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Figure 4.25: Joint distributions of pairs of disk model parameters.
for face on, zero inclination the disk plane velocities go to zero. The inclination
turns out in fact to be degenerate with the maximum velocity of the rotation
curve (Equation 34 van der Marel et al. 2002). The inclination angle was ran-
domly sampled from a Normal distribution N(35◦, 2◦) to effectively add noise
and was not part of the conditional distribution.
The systemic velocity is obtained by Gibbs sampling the full target distri-
bution independently of the other parameters. The other parameters are then
sampled with a Metropolis-Hastings algorithm which updates a six dimensional
joint probability distribution. Theory guarantees that the samples obtained will
be from the stationary distribution of the parameters, and the expectation value
of a large sample will be representative of the population. The proposals must
not have a low acceptance rate, so the sampler fails to move, or too high an
acceptance rate, so the sampler moves, but too slowly in small steps. Short tun-
ing chains are run first, and the variance of the outcomes are used in a scaling
matrix, which sets the step size for proposed moves within the distribution.
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The rotation centroid prior was set at the rotation centre location defined
by van der Marel et al. (2002) with a standard deviation of 0.3 degree around
αCM = 5
h27m.6 and δCM = 69.
◦87. This results in 99% of the sampled centre
locations being within one degree of the optical centre. A correlation can be
seen in Figure 4.25 between the declination offset and systemic velocity. The
low value tail on the systemic velocity distribution is the effect of changing
declination. The perfectly Gaussian inclination angle distribution is the result
of random sampling from a theoretical distribution without being conditional
on the other parameters. All other parameters are fully conditional and may
have odd shaped or bimodal joint distributions.
We took 5000 samples after the burn in and tuning chain period. The ef-
fective number of samples is the length L of the time series divided by the
autocorrelation time. The autocorrelation of the chain time series measures the
independence of the samples. For L = 5000 this amounts to only a couple of
hundred samples for some parameters. The largest error bar was on the max-
imum velocity sampler, where the chain error was 2 km s−1. The line of nodes
angle chain has a 1◦ error. These errors are much smaller than the standard
deviation of the target distribution so the number of samples is sufficient.
We first simulated the model using our sample plus literature data (incl.
Massey and Olsen 2003; Grocholski et al. 2006; Cole et al. 2005). The PNe
sample of Reid and Parker (2006) is systematically higher than our other sam-
ples, but we include it in a second run, and its effect is to raise the systemic
velocity by 3 km s−1 and lower the maximum velocity 5 km s−1. The subset
sample of data used in the simulation is shown in Figure 4.26. The simulation
results in a sample from the distribution of the model parameter values, con-
ditioned on the observed spectroscopic velocities. Traditional measures of the
moments of the distributions provide robust measures of the parameters and
their errors. The distributions are shown in Figure 4.27.
The disk scale and rotation curve shape parameter have truncated Normal
distributions as excursions below zero were forbidden in the algorithm. The R
MASS library function fitdistr was used to fit a truncated Normal, from the
mcm library, to the sampled distribution in these cases. The median was used
as an estimate of the value of the systemic velocity, as the distribution is skewed
to low values. The mean is a good estimate of the maximum velocity as the
distribution is nearly normal. The parameter estimates are given in Table 4.3
with the values from the simulation including PNe data in brackets. The disk
Table 4.3: Model Parameters
Model Parameter Estimate (with PNe ) σ (with PNe )
Systemic Velocity km s−1 254.6 (257.8) 3.9 (3.1)
Maximum Velocity km s−1 79.2 (74.2) 17.8 (10.1)
Curve Shape 1.9 (2.3) 0.9 (0.9)
Disk Scale kpc 2.5 (2.6) 1.6 (1.4)
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Figure 4.26: Locations of the 1707 data points in the complete MCMC sample.
494 grey stars this study; 384 blue Grocholski et al. (2006); 373 gold Cole et al.
(2005); 342 red Reid and Parker (2006); 114 green Massey and Olsen (2003).
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Figure 4.27: Model parameter distributions.
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model parameters have informative or stricter priors. These are the range of
disk structures under which the model parameter distributions are valid. The
model parameters are in the stated ranges given in Table 4.3, given that the
disk parameters are within the ranges in Table 4.4. Inclination is not part
of the conditional distribution, but is part of the joint distribution. It is an
artificially “fuzzy” fixed parameter. The model can be considered robust within
the variation of this parameter.
Table 4.4: Disk Parameters
Disk Parameter Estimate (with PNe) σ(with PNe )
Line of Nodes 130.◦7 (130.◦1) 8.◦7 (9.◦4)
Inclination 34.◦9 (35.◦0) 2.◦0(”)
Centre R.A. offset 0.◦02 (0.◦009) 0.◦288(”)
Centre Dec. offset 0.◦003 (0.◦048) 0.◦291(”)
We also apply the MCMC model simulation to the PNe data (Reid and
Parker 2006) alone to investigate the rotation curve implied by this sample.
This data covers the bar and a little more of the disk than our data. The
MCMC model from PNe agrees with our large sample estimate in all regards
except for a systemic velocity offset of about 10 km s−1 and a lower maximum
velocity of about 66 km s−1. This is the systematic offset of 10 km s−1 noted
before. If we perform the same MCMC fit to the PNe heliocentric velocities,
minus the systematic offset of 10 km s−1 then the model converges to our model.
We find that systemic velocity goes from 266 km s−1 to 256 km s−1, the curve
parameter stays close 2.1-2.2, disk scale 2.6-2.9 kpc, and maximum velocity goes
up from 66 km s−1 to 72 km s−1.
Table 4.5: PNe Model Parameters
Model Parameter Estimate σ
Systemic Velocity km s−1 265.6 3.4
Maximum Velocity km s−1 65.7 14.0
Curve Shape 2.2 0.9
Disk Scale kpc 2.7 1.4
Correction for Asymmetric Drift
The component of circular motion of stellar tracers measured does not represent
the true rotation of the disk as a whole. There are epicyclic and thermal motions,
which mean the streaming velocity is always smaller than the true disk rotation.
If one wants to calculate a mass or invoke the virial theorem the true circular
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Figure 4.28: Disk geometry parameter distributions in degrees constrained by
informative prior choices.
Table 4.6: PNe Disk Parameters
Disk Parameter Estimate σ
Line of Nodes 130.◦1 9.◦4
Inclination 34.◦9 2.◦0
Centre R.A. offset 0.◦000 0.◦005
Centre Dec. offset 0.◦001 0.◦005
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velocity must be used. The asymmetric drift correction is added to the observed
disk rotation velocity as Vcirc ≈ V 2 + κσ2 (van der Marel et al. 2002), where κ
is a model-dependent factor that may vary with radius.
We take κ ≈ ∂log ρ/∂log r which is close to 1 in the LMC modelled as a
flared disk (Alves and Nelson 2000). The true maximum disk velocity is then
estimated as approximately 83± 17 km s−1 without the PNe and 78± 10 km s−1
including the PNe data. Both estimates agree within the errors.
Counter-rotation and streaming motions
Evidence for counter-rotating or non-circular streaming motions is sought in
the residuals to the model fit. Such motions would manifest as a systematic
pattern in the residuals after we fit our rotation model. The model assumes
circular orbits in one direction. Such motions could indicate a counter-rotating
core (Subramaniam and Prabhu 2005). They may show highly elliptical orbits
with their major axis along the line of nodes which appear as streaming motions
along the bar (Sellwood and Wilkinson 1993). The best model of the rotation
curve obtained from simulation of parameters is subtracted from the disk plane
velocity.
Firstly the residual velocities from our AAOmega data in the eastern field
around the rotation centre are considered. The observed disk plane velocities
are subtracted from the model velocity for the radius and angle at the star’s
location in the galaxy. When we plot the residuals for the eastern field there
is no systematic pattern in the residuals, shown in Figure 4.29. When we test
the effect of North or South of the line of nodes on the residuals we find no
evidence for an effect. The two groups are plotted in Figure 4.30, and while the
median of the Southern group is slightly higher at −4.4 km s−1 than the North
at −9.6 km s−1, the shared variance is so great as to completely overwhelm
any difference in the samples. A one-way analysis of variance (anova) gives
an F statistic of 0.239, with high probability p=0.64 that any difference could
be reproduced by random sampling. This indicates that we have no evidence
against the hypothesis that the two groups are the same.
Considering all the literature sample data (Cole et al. 2005; Grocholski et al.
2006; Massey and Olsen 2003) except the PNe over the full radius, we find a
marginally significant difference in residuals around the line of nodes, with F =
3.7102, and p = 0.05429. Over the full radius of these data the median North
of line of nodes is 7.2 km s−1 and South is −4.7 km s−1. However, it turns out
the Massey RSG data (Massey and Olsen 2003) are entirely responsible for the
effect. The set of RSG show a highly significant difference in residuals North
to South, F= 45.059 with p = 8.008e-10. The median residual is 30 km s−1
North of the line of nodes and 1 km s−1 South, Figure 4.32a. Subtracting the
115 Massey stars from the sample, and testing the remaining data including our
sample shows a low F statistic of 0.01, and high probability that there is no
difference in the residuals with p = 0.920.
If we again look only at the central 1.2 kpc with our data and Cole et al.
(2005); Grocholski et al. (2006), but excluding the RSG we still find no effect.
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Figure 4.29: No spatial pattern in the residuals from the rotation model, North
and South of the line of nodes, within 1.2 kpc of the centre.
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Figure 4.30: There is no significant pattern in residuals from data over all radii.
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Figure 4.33: The velocity residuals from a rotation model based on the PNe
data.
An anova test shows no significant difference with an F stat of 2.6545 with
p = 0.1038. We have a median residual North of line of nodes at 5.0 km s−1
and South −1.0 km s−1, which again is an effect to be expected when random
sampling from the population.
Planetary nebula data over all radii also show a significant trend in the same
sense as the Massey data with a mean in the North of 15.4 km s−1 and South
−5.7 km s−1, which significantly differ, F= 9.4 and p = 0.0024. Figure 4.33 and
Figure 4.32b. This difference is not seen in the inner region less than 2 kpc but
only over larger radii.
It is noteworthy that the RSG population and the PNe both appear to have
systematically higher rotation velocities North of the line of nodes . This may
indicate these populations have a slightly different rotation pattern to the more
populous RGB population. It indicates that there is an excess of rotational
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velocities above the line of nodes, compared to those predicted by the rotation
model, and slower rotational velocities below. This pattern is difficult to inter-
pret as a population rotating in the wrong sense, in the outer disk, and the effect
is not seen in the inner 1.2 kpc. The larger than expected rotational velocities
in RSG ’s in the Northern part of the LMC has been noted by other authors
(including, Piatek et al. 2008; Olsen and Massey 2007).
There is no statistical evidence of a difference the in the rotation velocity
residuals of the sample as a whole. There is however, only a low probability that
the PNe residuals are the same North and South of the line of nodes at radii
greater than 1.2 kpc, and even lower probability that the Massey RSG residuals
are the same. The bulk of the data, including ours, shows no residual difference
at various angles or radii.
4.3.5 Metallicity
Like silicon, calcium is purely an α-element not prone to proton capture nu-
cleosynthesis or other processes (Ivans et al. 2001). Some α elements can show
variations in abundance due to proton capture or involvement in the CNO cycle.
As a purely α product it is not directly related to r-process iron-peak elements,
but is still a good indicator of global metallicity (Rutledge et al. 1997). The
[α/Fe] ratio is expected to vary with SNe enrichment of the environment while
the [Fe/H] ratio as measured by Ca remains constant. The effective tempera-
ture of the stellar atmosphere and the surface gravity affect the width of the
lines, and these effects are calibrated out using magnitude as a single proxy for
gravity and effective temperature.
The Ca II triplet width has been calibrated from earlier globular cluster
studies to composite stellar populations in dwarf spheroidal galaxies in the range
−2.5 < [Fe/H] < −0.5 dex in RGB stars (Battaglia et al. 2008). The relation is
not as well calibrated for higher metallicity but our sample is in the range−2.0 <
[Fe/H] < 0.0. The Ca II triplet as a metallicity indicator has been shown to
be applicable to mixed galactic field populations of a variety of abundances and
ages (Cole et al. 2004).
The velocities obtained from cross correlation with the template spectra in
47 Tucanae are used to predict where the doppler shifted line centres lie. The
velocities and spectra were input into the EW Fortran program written by Da
Costa and modified by A.A. Cole and described in Friel et al. (2002). The
equivalent widths of the three Ca II triplet lines were estimated by fitting a
Penny function to the line profile. The Penny function is a sum of a Gaussian
and a Lorentzian and has been shown to better approximate the red and blue
wings of the lines caused by photospheric broadening phenomena (Suntzeff et al.
1992; Cole et al. 2004).
Spectroscopic absorption lines are often modelled by fitting a Gaussian pro-
file of the form,
F (µ, σ) = Ae−(
x−µ
σ )
2  4.3
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The parameters of the profile function µ, σ are fitted by minimising the
residuals of the data. The integral of the fitted function gives an estimate of the
equivalent width of the absorption feature, in Angstroms. It has been shown by
several authors Cole et al. (e.g. 2004); Suntzeff et al. (e.g. 1992) and in this study
that the Gaussian fit to the line profiles underestimates the width of the lines.
The Gaussian models the Maxwellian thermal velocity distribution of absorbers
in the chromosphere, where the core of the Ca II triplet is created above the
photosphere(Smith and Drake 1990).
The damping wings, a broadening at the edges of the lines, are created by
collisions or pressure effects on absorbers. The wing features in the Ca II triplet
are thought to be generated mainly at the photospheric surface of the star.
The surface pressure is a function of surface gravity and temperature. Pressure
induces the close range Stark and Van Der Waals effects, the effect of ions on
photon energy levels absorbed. These effects create radiation damping which
is a quantum mechanical phenomenon. The uncertainty principle means the
wavelength spread or line width increases with increasing energy. This effect
results in a Lorentzian spectral absorption profile (Bo¨hm-Vitense 1989). The
combination of the Gaussian doppler effect and Lorentzian is known as the Voigt
spectral profile or Penny function. The difference in the measured equivalent
widths using the two fitting functions is appreciable within the medium to high
resolution observed spectra. The Gaussian was a good enough approximation
in early studies with low resolution spectra.
The continuum C(µ) has been modelled by a simple low order polynomial
as the flux of the red giants at these wavelengths is nearly flat. The fitted
continuum is then normalised as C(µ) = 1. The integrated equivalent widths of
the lines are therefore measured in units of the continuum flux. The model is
then the normalised continuum minus the Gaussian profile and the Lorentzian.
F (µ, σ) = C(µ)−A1e−1/2(
x−µ
σ )
2 − A2Γ
(x− µ)2 + (Γ/2)2
 4.4
The sample used to estimate metallicity was restricted to stars on the RGB,
as the calibration of the Ca II triplet has only been established for this range.
The sample was also restricted to equivalent width measurements with errors
less than 1 A˚. The error in equivalent width was taken as the quadrature sum
of the individual line errors, which propagated through to the metallicity error.
The IRAF SPLOT graphic cursor equivalent width routine was automated and
applied to the spectra as a check. The IRAF method agreed with our method
above to within 2%.
The ratios of the three line strengths fitted are plotted in Figure 4.34. Those
spectra with unusually weak or strong lines appear as outliers away from the
central distribution. Odd spectra with unusual ratios were inspected and found
to exhibit either very low signal to noise, instrumental features like zero read-
out at line wavelengths or cosmic ray contamination. A good subset of the
sources with the most likely line width ratios was selected. Outlying spectra
with unusual line width ratios were rejected as being contaminated in some way.
141
CHAPTER 4. LARGE MAGELLANIC CLOUD BAR KINEMATICS AND
METALLICITY WITH AAOMEGA
*
**
**
*
*
*
**
*
*
*
*
*
*
*
*
*
*
*
*
**
*
*
*
*
*
*
*
*
*
*
* *
*
*
**
*
*
*
*
*
*
*
*
**
*
*
*
*
*
*
* **
*
*
*
*
*
*
* *
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
**
*
*
*
*
*
*
*
*
*
*
** *
*
*
*
**
*
*
*
*
*
*
*
**
**
*
**
*
**
*
* *
*
*
*
**
*
*
*
*
* *
*
*
*
*
*
* *
*
*
*
*
*
*
*
* *
*
*
*
*
*
* *
*
*
* *
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
**
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
* *
*
**
0.5 1.0 1.5
0.
2
0.
4
0.
6
0.
8
8662/8542
84
98
/8
54
2
Figure 4.34: Ratios of line widths, solid points show selection for analysis, out-
lying starred points have one or two lines weaker, indicating contamination.
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Cutting odd line ratios from the sample left 240 stars with which to estimate
the metallicity distribution.
As in Chapter 3 we correct for the effect of both surface gravity and effective
temperature with a single photometric measure. The dependence of the line
widths on surface gravity has been studied using both open and globular clusters
with single stellar populations (e.g. Rutledge et al. 1997; Warren and Cole 2009;
Carrera et al. 2007). We rely on previous determinations of the magnitude of
the effect from globular cluster studies (Cole et al. 2009; Hankey and Cole 2011)
and obtain a reduced equivalent width using the relation,
W ′ = ΣW + 0.45(K −KHB)
where the difference between the star’s near-infrared Ks band magnitude
and the horizontal branch, K −KHB was used to measure the surface gravity
effect on equivalent width.
The LMC has no clearly defined horizontal branch detectable in CMD studies
(Nikolaev and Weinberg 2000) so the red clump location was used to define the
magnitude of stars that have undergone helium core flash. This is below the
magnitude limit of the 2MASS catalogue but is present in the deeper IRSF
catalogue at 16.6 (Kato et al. 2007). After correcting for effective temperature
and surface gravity we have a reduced equivalent width measure that now only
depends on metallicity. The reduced equivalent width W ′ was then transformed
into a metallicity using the relation,
[Fe/H] = (−2.738± 0.063) + (0.330± 0.009)W ′
Low Metallicity Calibration at K-Band
The question of how far the Ca II triplet is a representative measure for extrame
low metallicities was explored by Starkenburg et al. (2010). A linear relation
exists for higher metallicities above −2.0, but below that Starkenburg et al.
(2010) proposed that non-linear terms were required, based on synthetic spectra.
Continuing this work but basing the calibration on observational spectra Carrera
et al. (2013) undertook a study of extreme low-metallicity stars in the MW halo
in order to extend the calibration of the Ca II triplet as a metallicity measure.
Carrera et al. (2007) had already calibrated the Ca II for metallicities in the
range −2.2 ≤ [Fe/H] ≤ +0.47 dex. Previously Battaglia et al. (2008) had found
that the Ca II triplet saturates for metallicities below −2.5 dex.
Carrera et al. (2013) arrive at a calibration that allows the Ca II to be used
down to [Fe/H]= -4.0. They found that some non-linear terms are required
in order to fit the data, as well as cross terms. They employ absolute Ks
magnitudes rather than tip of the red giant branch (TRGB) or HB reference
magnitudes. The following relation is valid for up to five Ks magnitudes below
the TRGB,
[Fe/H] = −3.33 + 0.15Ks + 0.48ΣCa− 0.27ΣCa−1.5 − 0.01ΣCa×Ks
 4.5
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Figure 4.35: Theoretical Carrera et al. (2013) metallicity calibration for absolute
magnitude Ks = -6.0 (apparent Ks = 12.4 at LMC distance) solid line, dotted
line is the calibration used in this study.
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We find that according to the calibration of Carrera et al. (2013) our adopted
scale in this study overestimates the metallicity of stars at [Fe/H] = -1.5 by ap-
proximately 0.3 dex, and underestimates the metallicity of stars near [Fe/H] = 0.0
by about 0.1 dex. The bulk of our data is unaffected with approximately zero
residual from the Carrera et al. (2013) calibration, (see Figure 4.36b), so con-
clusions regarding mean bar metallicity are unaffected. The main effect is a
slightly extended tail of low metallicities making our results closer to that of
Cole et al. (2004).
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(a) Comparison of this study metallicity
estimate with calibration of Carrera et al.
(2013). Dotted line is this study, which
overestimates low metallicity values.
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(b) Residuals from comparison.
Figure 4.36
Metallicity Distribution
The metallicity distribution of the sample is plotted in Figure 4.37a. The dis-
tribution of metallicity in the sample shows the same characteristics as the Cole
et al. (2005) sample. The mean of the distribution is -0.36 dex. The median,
-0.31 dex, is less sensitive to the long, low tail. The long, low tailed distribution
is best modelled as two Gaussians. A non-linear least squares method was used
to fit a model of two Gaussians. The data were fit by a low metallicity popula-
tion distributed around -0.40 dex with a standard deviation of 0.40 dex, and a
metal rich population centred at -0.26 dex with a narrower standard deviation
of 0.17 dex. The narrow spread, higher metallicity Gaussian contains 55% of the
sample stars, and the low metal broad distribution contains 45% of the sample,
see Figure 4.37b.
We can specify a model following Cole et al. (2005), with a low metallicity
Gaussian distribution representing about 10% of the population centred at -
1.08 with standard deviation 0.46. A non-linear least squares method fits the
Gaussian narrow high metal peak at mean -0.28 with standard deviation 0.22,
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Figure 4.37
see Figure 4.37a. The residual sum of squares for this model is 3.9 compared
with 1.4 for the unconstrained two Gaussian fit and 6.7 for a single Gaussian
fit.
The sample agrees with the findings of Cole et al. (2005) within the errors,
although we note that our estimate is on the higher metallicity range of possible
values. We employ Ks(star)- Ks(Red Clump) as a single proxy to remove the
effects of surface gravity pressure broadening of lines and Teff . The use in this
study of Ks-band red clump magnitude is novel for mixed stellar populations.
Previous calibrations of mixed populations have been based on V-band clump
magnitudes (e.g. Cole et al. 2005). These two methods are compared in Ap-
pendix D and found to be in agreement except at the very metal-poor end of
the distribution, where the Ks band method may over-estimate the metallic-
ities slightly. Indeed we have shown above in Section 4.3.5 that our method
overestimates metallicities at the metal-poor end of the scale compared to the
calibration of Carrera et al. (2013). The metallicity estimate by both methods
is in agreement for the bulk of the population.
Low Metallicity Population
The sample of metallicities in the LMC population was shown to be best mod-
elled by two distributions. One with a mean [Fe/H] of -0.26 dex and σ 0.17
and one at -0.40 dex with σ 0.40. The possibility of a unique low metallicity
population with characteristics that distinguish it from the bulk of the LMC
was investigated. We considered the model of Cole et al. (2005), which has a
low metallicity population centred at -1.08 dex σ 0.46, and was shown in the
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previous section to be nearly as good a fit to our data.
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Figure 4.38
The sample of RGB stars with metallicity estimates was arbitrarily cut at
-0.8 dex into high and low metallicity subsets Figure 4.38b. There were 48
low metallicity stars whose distribution is shown in Figure 4.38a. The spatial
distribution of these subsets was considered. A k-NN nearest neighbour statistic
was employed to characterise structure in the two dimensional distribution, with
k=3 as there are two categories (Hastie et al. 2009). The nearest neighbour
statistic is robust to edge effects, which was appropriate for our two degree
fields which have sharply defined edges. The distribution on the sky is shown
in Figure 4.39a.
A Monte Carlo scheme randomly reassigned the labelling of the stars as low
or high metallicity, and calculated the nearest neighbour for each star and the
mean value was taken as the statistic. This was iterated 1000 times giving the
distribution of statistics for the random arrangements of high and low metallicity
stars shown in Figure 4.39b. The statistics for the observed distribution are
shown as the vertical lines. The observed distribution has statistics that could
have come from the distribution of random arrangements, showing no evidence
of clustering of low metallicity stars in 2-D space.
We used the same two dimensional spatial cluster analysis in CMD 2-D space,
Figure 4.40a. The high and low metallicity labels on each star were randomly
re-assigned 1000 times and the distribution of statistics for each arrangement in
the CMD is shown in Figure 4.40b. Also shown is the statistic for a non-random
arrangement, which has zero probability of being random. The observed colour-
magnitude arrangement could have come from the random distribution, albeit
with a low 2% probability.
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The lower probability of being random gives an increased probability that the
low metal population has a unique location on the CMD, it appears the TRGB
is fainter and the RGB stars are bluer than the bulk population. Decreased
molecular weight of the H burning shell around a given He core mass at low
metallicity, results in a decrease in luminosity on the RGB (Salaris and Girardi
2005). This effect on the TRGB is more pronounced at K band magnitudes
which are more sensitive to metallicity than the more common I band. In
addition the low metallicity stars on the RGB in Figure 4.40a appear to be
clustered towards the blue side of the RGB as expected (Girardi et al. 2002).
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Figure 4.41
The distribution of disk plane model velocities is shown in Figure 4.41a. The
dotted line low metallicity velocity distribution has a slightly higher mean value
than the shaded histogram of all stars with the solid line density. Taking 1000
random samples of 48 from the total population we get a distribution of the
means of these samples in Figure 4.41b. The mean of the observed sample is
well within the distribution of random samples, indicating the low metallicity
population does not exhibit special kinematics.
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4.4 Discussion
4.4.1 Rotation Curve
Our data does not extend far beyond the characteristic disk radius where the
rotation curve is expected to flatten. Previous studies have tended to have larger
characteristic disk radius R0 parameters. Our lower systemic velocity means
there is a steeper inner slope, which brings the turnover point of the rotation
curve in closer to the centre. The addition of literature data from outside this
radius helps constrain the flat outer galaxy velocity parameter, but there are
more complete studies of the outer galaxy rotation curve. The extra data more
importantly confirm the model fitted to our inner sample is reasonable. It has
a inner rotation curve with shape parameter closer to 1 and a slightly smaller
characteristic radius at 1.9 kpc (Table 4.2).
We find a solid body rotation curve in the central region which rises almost
linearly at 25 km s−1 kpc−1. The line of nodes angle is initially fitted at 129◦
based on our observations alone. The addition of literature samples confirm the
results based on our data alone.
The bar structure is stellar in composition, the HI gas showing no associated
structure (Staveley-Smith et al. 2003). Bar kinematics might be expected to
result in gas or stellar streaming motions along the line of nodes axis. Radial
velocities tend to be insensitive to motions along the bar axis, which is almost
perpendicular to our line of sight.
A simple model of the bar as part of an unified rotating disc fits our data, as
well as a varied set of published velocity samples. A lower systemic velocity for
the disk rotation model is simpler than a higher systemic velocity, which results
in negative disk plane velocities in the inner 0.5 kpc, which must be explained
by complex counter-rotation or non-circular streaming motions associated with
the bar resonance. It is still possible that the systemic velocity of the bar
may actually be different to the disk, which would suggest a small line of sight
spatial offset. The bar appears transversely offset from the disk centre, and
given differing HI gas components, a small line of sight offset from the disk
plane would not be impossible. As expected we confirm previous studies and
find that the average ratio Vmax/σ ≈ 3 is much greater than unity across our
fields (van der Marel et al. 2002; Alves and Nelson 2000). This implies the
LMC has a thick stellar disk that is mainly rotationally supported (Binney and
Tremaine 2008).
There is no evidence of two distributions of stellar velocities. If the bar
were spatially separate from the disk, evidence of a distinct velocity distribu-
tion would be expected, unless the objects are separate but co-moving. The
conclusion is that the bar and disk are one and that the systemic velocity is
closer to 257 km s−1 than 264 km s−1. The consequences for models of the LMC
disk rotation of a lower systemic velocity for the centre of mass would be to
slightly increase the rate of increase of velocity with radius in the solid body
inner disk (Olsen et al. 2011).
We detect no evolutionary differences in the kinematics of the stellar pop-
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Figure 4.42: The heliocentric velocity field predicted by the model based on our
data. The centres of our east and west field are shown. The mean velocities of
the LMC field stars from the sample of Grocholski et al. (2006) are plotted as
points. The model shows good agreement except for one field group 251 km s−1
near the west centre.
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ulations. The various stellar populations identified in the CMD of Nikolaev
and Weinberg (2000) show no variation in mean velocity or dispersion when the
colour ranges of the populations are plotted against velocity and dispersion in
Figure 4.10.
4.4.2 Abundances
Cole et al. (2005) find a median metallicity of -0.4 dex for a sample of 373 RGB
stars in the centre of the bar region. These observations covered a small region
inside our field, see Figure 4.20a. Our result of -0.36 dex agrees within the
error margin. Olsen et al. (2011) find a median metallicity of -0.56 dex which
is lower than our estimate and that of Cole et al. (2005). Olsen et al. (2011)
find evidence of a very small population, 3%, of very low metallicity stars that
correspond to SMC metallicity. Cole et al. (2005) also noticed a minor low
metallicity population. We only detect a small population, 28 stars out of 240,
with [Fe/H] leq − 1.0, which do not show a kinematic difference from the more
metal rich population.
The dense stellar field in the centre of the LMC presents problems of contam-
ination of sources by adjacent objects. For this reason care was taken to reject
spectra which exhibited line width ratios inconsistent with the expected pattern
observed in a single RGB stellar source, (Figure 4.34). It was assumed in these
cases that one or more absorption features had light bleed in from nearby stars.
Care must be taken with using the Ca II triplet in populations with mixed ages
and metallicities (Rutledge et al. 1997). The effect of temperature and surface
gravity on line width in single stellar populations is used to calibrate our results.
The sample is restricted to well calibrated RGB stars only.
The distribution of metallicity in the sample shows the same characteris-
tics as the Cole et al. (2005) sample, (Figure 4.37b). There is the same tail of
low metallicity stars, however the distribution is shifted to lower metallicities.
The distribution could be modelled as the sum of two Gaussians. There is a
larger Gaussian distributed population centred at -0.3 dex while the tail of low
metallicity stars could be modelled by a Gaussian centred at -1.0 , perhaps rep-
resenting a less populous and older low metallicity population. The distribution
reflects the LMC SFH with a long low star formation rate from 13 to 5 Gigayear
and then increased rates after 5 Gigayear at higher metallicity.
The metallicity distribution found by this study is similar to that found
by Carrera et al. (2008), who also find a peak for the bar region of [Fe/H]
= −0.39 with a low metallicity tail. The disk regions outside the bar show a
small decreasing gradient with galactocentric radius. The low metallicity stars
were analysed for indications of unusual characteristics that may mark them as
a unique population, perhaps an accretion remnant from the SMC as found by
Olsen et al. (2011). No correlation was found between metallicity and any one
of, spatial locattion within the bar, colour-magnitude nor velocity.
It was noted that using Gaussian fits to measure the ew results in an under-
estimate of the line widths. In exploratory analysis the IRAF splot routine was
used to fit crude Gaussian models to individual spectral lines, which resulted in
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a mean [Fe/H] of -0.8, demonstrating that the Gaussian model underestimates
the impact pressure broadening of the wings of the spectral features. The sum
of a Gaussian and Lorentzian was used in the final fit resulting in a mean [Fe/H]
of -0.36.
Cioni (2009) find a small metallicity gradient across the disk and Feast et al.
(2010) find a small but significant gradient in RR Lyrae stars across the LMC.
Our slightly higher metallicity determination for the bar suggests enrichment
of the bar compared the disk, and we are following this up (Cole & Hankey
in prep.). Background disk field RGB stars from Grocholski et al. (2006) were
employed to constrain the disk rotation field at large radii. We will apply our
Ca II triplet equivalent width methods to disk field stars observed around the
clusters of Grocholski et al. (2006) to estimate the metallicity at larger radii.
Tremonti et al. (2004) define the stellar mass-metallicity M?−Z relation for
galaxies from the Sloan Digital Sky Survey and demonstrate how enrichment
increases with mass and luminosity. They propose that the origin of the relation
is increased star formation efficiency with increased mass; in addition outflows
of metal rich material in galactic starburst winds deplete the metals in low
mass galaxies more than in massive galaxies with large gravitational potentials.
Alternate possibilities are that inflows of metal poor gas deplete smaller galaxies
faster or that gas is locked up in low mass, long lived stars and not quickly
enriched and recycled.
Lee et al. (2006) extend the M?−Z relation down to dwarf irregular galaxies
from Spitzer near-infrared luminosities and find the correlation remains strong
yet slightly different. They find little scatter in the relationship even at low mass.
They therefore propose that the mass loss mechanism for dwarf galaxies must
be slow and steady rather than catastrophic and that star formation efficiency
is lower.
The slight enrichment of the LMC bar could indicate that the denser stellar
environment is following the M?−Z relation. Under this hypothesis two factors
could be at work; firstly the bar potential is more efficient at star formation
from gas; and secondly the bar entrains enriched gas outflows from the disk
which fall back into the central galaxy.
The metallicity of the LMC, 8.4 on the O metallicity scale, fits theM?−Z rela-
tion, with stellar mass 109.4MM (Tremonti et al. 2004); this yields log(O/H) =
8.4− 12.0 = −3.6. Van der Swaelmen et al. (2013) find that [O/Fe]≈ 0 around
[Fe/H]= −0.5, within the LMC. So [O/H]≈[Fe/H] and agrees with our finding
of a mean metallicity of -0.36 dex for the bar population.
4.4.3 The Zhao Sample
The Z03 velocity data with an error of about 30 km s−1 was accurate enough
to look for evidence of a micro-lensing population separate from the LMC main
disk. The velocity anomaly seen in the Z03 data near the centre of the disk
has not appeared in the AAOmega near infra-red data. The 2df spectrometer
mounted atop the AAT was accurate enough for high velocity redshift galaxy
surveys, but the varying loads on the spectrograph at different elevations were
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known introduce systematic errors. The Z03 data was taken over a two year
period. As both sets of velocities show the same near Normal distribution
with slightly long tails we conclude that bulk properties of the samples are
near identical. The variation is in the spatial distribution of velocities, which
in the Z03 data coincides with the temporal separation of field observations.
We have no direct evidence for this, but widely separated observations with
differing elevations of the spectrograph atop the AAT could plausibly create a
systematic error in the mean velocities of the fields. The larger dispersion in the
Z03 distribution is a result of larger random velocity errors (up to 50 km s−1)
compared to ours (less than 15 km s−1). A systematic offset of the same amount
appears in the PNe data of Reid and Parker (2006) which were observed on the
same 2df spectrometer.
Both Z03 and our data sets exhibit very slight deviation from Normal,
slightly heavy tails at low and high velocities. Otherwise the two data sets are
nearly perfectly Gaussian, which indicates that the stellar population is viri-
alised within the disk scale height. Our velocity dispersion, 24 km s−1 is that
expected from disk models, smaller than that of a bulge or spheroidal structure.
A measurement of RR Lyrae stars in the LMC showed a velocity dispersion of
53 km s−1 (Borissova et al. 2004, 2006), but we do not see such a kinematically
hot population in our sample. Haschke et al. (2012) find that the RR Lyrae
population appear to stand out up to 5 kpc from the disk in the centre of the
galaxy, but they do not see this with the Cepheid tracers. Subramaniam and
Subramanian (2009) using the same OGLE III data, looking at the red clump
distance, do not see the bar standing out. This is confirmed by analysis of red
clump stars from the Magellanic Clouds Point Source Catalogue, (Subramanian
and Subramaniam 2013).
This study provides no evidence to the hypothesis that the bar shares a
common centre and systemic velocity with the main disk galaxy structure. No
evidence is found of multiple kinematic stellar populations. The bar appears to
be intrinsic to the rotating thick disk structure.
4.4.4 Systemic Velocity
The most outstanding result is that the centre of mass systemic velocity, 254± 5 km s−1,
is lower than previous estimates; and indicates an even greater disconnect of the
stellar disk from the HI gas disk than previously thought.
The findings of this study agree with the HI rotation curve found by Kim
et al. (1998) in all respects, except for the systemic velocity, which they estimate
at 279 km s−1. This appears to be a real offset, even though they use a much
lower transverse velocity of 286 km s−1. Other stellar studies put the stellar sys-
temic velocity lower than the HI, typically around 265 km s−1. Our study, the
largest sample in the inner region of the LMC, shows the the disconnect of the
stellar disk and the HI structure is even more pronounced than previously indi-
cated. The small sample immediately around the rotation centre at 248 km s−1
hints at an even lower stellar systemic velocity.
A lower systemic line of sight velocity affects the LMC centre of mass 3D
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space motion. Interpretations of proper motion parameters are vital for models
of LMC - SMC evolution in the presence of the MW Galaxy. While Hubble
based observations have constrained the centre of mass proper motion (CMPM)
(Kallivayalil et al. 2006; Piatek et al. 2008). There remain uncertainties that can
be large enough to make the difference between bound and unbound scenarios
for the LMC - SMC system. Bekki (2011) estimate the error in any component
for a barred spiral LMC of the CM velocity Vm = (Vmx, Vmy, Vmz) could be as
large as ∆V = 25 km s−1 due to random motion in the LMC and the sample
size used in determining proper motion.
If the systemic velocity is actually higher, then we have negative velocities
in the inner 0.5 kpc which must be explained by counter-rotation or streaming
motions associated with the bar resonance. The possibility is admitted that the
systemic velocity of the bar is actually different to the disk, which could also
suggest a small line of sight spatial offset. The original intent of this study was
to obtain many more disk star fields to address this question comprehensively.
4.4.5 Velocity Dispersion
The velocity dispersion σv is 24.3 km s
−1 in the central bar, consistent with a
rotationally supported thick disk profile. The presence of a strong bar feature is
also consistent with a disk-like velocity dispersion in the absence a central bulge
or hot virial region (Das et al. 2008). It is inconsistent with an exponential disk
profile.
We have shown there is an absence of a hot central region; instead the central
galaxy has a velocity dispersion similar to the rest of the disk. This can be
explained in a interacting environment like the Magellanic system as LMC gas
absorbing tidal energies, leaving the stellar disk relatively undisturbed (Moster
et al. 2010).
We note that a sample of 22 Carbon stars with < R >= 0.5 kpc (Kunkel
et al. 1997; Alves and Nelson 2000) have a velocity dispersion σ = 22± 1 km s−1
that is close to our finding. Van der Swaelmen et al. (2013) find σ = 25 km s−1
from 103 RGB stars as do Cole et al. (2005) from 373 RGB stars and Zhao
et al. (2003) find 24 km s−1. σ = 24.1± 0.2 km s−1 is reported by Carrera et al.
(2011) in the outer disk, and σ = 26.4 km s−1 closer to the centre (Carrera et al.
2008). Finally, Graff et al. (2000) find a velocity dispersion of 22 km s−1. All of
these published results confirm our data and analysis.
The implications for the Magellanic system and MW halo evolution are dis-
cussed in the following, concluding chapter.
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5
Building Blocks
5.1 IC 4499
The techniques of multi-object fibre spectroscopy were employed to study two
objects in the MW extended halo. The GC IC 4499 was a comparatively un-
derstudied object with suggestions of an unusual horizontal branch morphology.
Several photometric studies had concentrated on the abundance of RR-Lyrae
variable stars. This work has been the first to establish both an accurate radial
velocity and metallicity estimate from Ca II triplet spectroscopy and allow it to
be placed in proper context within the pantheon of 157 known Galactic globu-
lar clusters, (Harris 1996). Globular clusters in the halo date back 10-13 billion
years to the beginning of the universe, making them fundamental building blocks
of the Galactic halo.
The role of halo objects in accretion and tidal interactions within the MW
sub-group depend on our knowledge of their kinematics and chemistry. Clues to
the enrichment by Population III objects of the primordial GC material depend
on our knowledge of the abundances. Understanding of self-enrichment of Pop-
ulation II, environment and feedback mechanisms within single population GCs
is a first step to understanding multiple population galaxy evolution. Given
the large-scale homogeneity of the universe we can extrapolate what we learn
of Local Group evolution to similar galaxies across the universe.
The equivalent width of the Ca II triplet has been shown to be an excellent
tool for estimating metallicity in distant older metal-poor populations (Rutledge
et al. 1997; Cole et al. 2004; Battaglia et al. 2008). We restrict our metallicity
sample to only RGB stars for which consistent scales have been established.
The equivalent widths were adjusted for surface gravity and temperature effects
on line width. The results presented in Chapter 3 represent the first accurate
spectroscopic velocities and metallicities for this cluster.
The near-infrared spectra of 636 red giants were obtained in and around the
RR Lyrae-rich, extreme-southern globular cluster IC 4499. From spectra in-
cluding the calcium triplet, radial velocities were measured by cross-correlation
with template stars in well-studied globular clusters M68, M22, and M4. By
combining the CaT equivalent widths with 2MASS Ks magnitudes metallicities
on the Carretta and Gratton (1997) scale were derived following the method-
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ology of Warren and Cole (2009). The relationship between CaT equivalent
widths, Ks, and [Fe/H] is in good agreement with the work of Warren and Cole
(2009). The velocity and metallicity results for the comparison clusters agree
well with literature values. 43 stars were found to be probable cluster members
of IC 4499 based on radial velocity association, culled by metallicity to alleviate
the strong foreground contamination.
The heliocentric radial velocity of IC 4499 is estimated as vr = 31.5 ±0.4
km/s. The velocity is typical of halo objects along this sightline, but also does
not rule out membership in a tidal stream as proposed by Pen˜arrubia et al.
(2005). The most powerful tests of stream membership, proper motion and
detailed elemental abundance ratios, are not yet available for this cluster. Like
many proposed associations (e.g., Piatti and Claria´ 2008) the status of IC 4499
is undecided.
The metallicity of IC 4499 is [Fe/H] = −1.52 ±0.12 on the scale of Carretta
and Gratton (1997), which translates to −1.74 ±0.10 on the Zinn and West
(1984) scale. This agrees with photometric estimates from the cluster CMD and
unpublished work by R. Cannon (1992), but disagrees with the earlier studies of
RR Lyrae stars (Smith and Perkins 1982). This value is closer to the [Fe/H] =
−1.80 ZW84 adopted by Ferraro et al. (1995), than the [Fe/H] = −1.50 ZW84
assumed by Salaris and Weiss (2002). To the extent that studies of the relative
ages of globular clusters (e.g., Salaris and Weiss 2002) and of the Oosterhoof
RR Lyrae period-metallicity relation (e.g., Sandage 1993) incorrectly relied on
overestimates of the cluster metallicity, the role of IC 4499 in these studies should
be reassessed. If age is the dominant contributor to the second-parameter effect
(Lee 1992), then the evidence for a young age (Ferraro et al. 1995) for IC 4499
is weak, based on its intermediate HB type. Using our metallicity value Walker
et al. (2011) confirm that the cluster age is 12± 1 Gyr from multi-wavelength
photometry, about 3 Gyr older than the Ferraro et al. (1995) age.
The cluster is slightly metal-poor compared to most OoI clusters. This tends
to add weight to its classification as OoInt by Catelan (2009) as it is already
on the edge of OoI periodicity. As an OoInt it is more likely associated with a
dSph galaxy that has been accreted on the MW. As such the metallicity adds
weight to the notion that the cluster may be part of an accretion stream.
The approach of Lane et al. (2009, 2010) is followed to search for evidence of
rotation in IC 4499. This study confirms their results for M22 and M4, although
the signal is noisy because less than half the number of stars were measured.
There was no detection of rotation in IC 4499, which puts an upper limit of
≈1 km/s on the net cluster rotation.
The velocity dispersion of the cluster is estimated using a Plummer potential
model. The best-fit cluster parameters are found using MCMC simulation. The
most likely central velocity dispersion is σ0 = 2.5±0.5 km/s. Using the Plummer
model this translates to a cluster dynamical mass of 93 ±37×103 M.
This is in agreement with fits to the light profile by McLaughlin and van der
Marel (2005), and using their photometry implies a mass-to-light ratio M/LV
= 1.3 in solar units; this result is quite normal for a globular cluster (e.g.,
Trager et al. 1993; Lane et al. 2010) and indicates that no DM component is
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needed to explain the cluster dynamics. Baumgardt et al. (2009) also fail to find
evidence of DM in globular cluster NGC 2419. No evidence has been found for
a substantial DM component in globular clusters. This is in contrast to dwarf
galaxies in the halo which exhibit dynamical indications of DM halos.
Andrea Kunder requested tables of our results which were plotted in Fig-
ure 11 of Walker et al. (2011) and reproduced here in Figure 5.1. DDO51-V
photometry was used to distinguish foreground red dwarf stars from IC 4499
cluster red giant stars. These two populations appear at a similar apparent mag-
nitude due to the less luminous red dwarfs being closer than the brighter red
giants, and have similar colours. Our spectrographic results confirm their pho-
tometry, and assist in identifying IC 4499 red giant cluster members. The figure
they present shows the spatial crowding and confusion between foreground and
background also exists in this colour-colour space. Our spectroscopy confirms
the Walker et al. (2011) colour-colour selection, and the consistency between
the two studies is excellent.
Some observed stars in the IC 4499 field had the correct velocity and metal-
licity for cluster membership, but were outside the tidal radius of the cluster.
These stars were not included in the cluster member sample. The tidal radius
had been previously been determined from the photometric light profile. These
stars outside the tidal radius may have been tidally stripped, or collisionally
ejected from the cluster. A DDO51 study of possible cluster members with the
correct velocity could identify cluster red giants outside the tidal radius. If they
could have been identified as IC 4499 members then this may have shed some
light on tidal influences on cluster evolution and MW interaction. IC 4499 may
be an extended object with its own stellar stream being a part of the proposed
Monoceros stream object, (Fusi Pecci et al. 1995).
Possible follow up observations were discussed with DDO51 and V filters at
Cerro Tololo Inter-American Observatory (CTIO), Chile, in a region surround-
ing IC 4499 with the MOSAIC-II CCD imager. The observations didn’t come
to fruition, and this instrument has since been superseded by the Dark Energy
Camera (DECam). The observation fields tentatively proposed by us to search
for extra-tidal IC 4499 members are shown in Figure 5.2. The points plotted
show stars selected with the correct metallicity and velocity inside and outside
the tidal radius.
The mass estimate for IC 4499 from the measured velocity dispersion in-
dicates that the mass to light ration of 1.3 is normal. The cluster is not DM
dominated. This agrees with what is known about GC DM content, which have
an upper mass to light ratio of 2.5 (Moore 1996). Bradford et al. (2011) note
that our kinematic study of IC 4499 shows no evidence of a significant DM
component to the globular cluster. Neither does their study of globular cluster
Palomar 13. This is interesting as ΛCDM hierarchical models of the formation
of structure in the universe can reproduce the correct amount of large structures
like the MW galaxy, but there is a problem with the prediction too many small
structures like dwarf galaxies and clusters (Weinberg et al. 2013).
Haschke et al. (2012) use our metallicity determination for IC 4499 to cal-
ibrate their metallicity estimates for old field stars in the LMC galaxy. They
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Figure 5.1: Figure 11 from Walker et al. (2011) showing our IC 4499 red giants
distinct from the foreground dwarf stars. The spectroscopically confirmed clus-
ter members from our study confirm the utility of the colour selection process.
Copyright MNRAS.
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Figure 5.2: Proposed follow up fields to identify tidal tail stars near IC 4499 on
the Mosaic II Imager at the CTIO 4m Blanco telescope .
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estimate metallicity from parameters derived from the Fourier decomposition
of RR-Lyrae light curves. IC 4499 is rich in RR Lyrae stars and so is a useful
subject for comparison.
Leaman (2012) conducted a meta-analysis of published metallicities for LG
dwarf galaxies, globular and open clusters. They use a sample of 49 of the
157 known globular clusters associated with the MW galaxy, (Harris 1996).
They find a correlation between metallicity Z and spread in metallicity σ(Z).
Our results for IC 4499 are in agreement with the correlation, and also the
bimodal nature of the correlation, where clusters have a stronger correlation,
and dwarf galaxies a weaker one. This bimodal difference is explained by several
generations of star formation in dwarf galaxies, as opposed to a single star
formation event in a cluster. The Leaman (2012) findings allow the identification
of some globular clusters as the remnant cores of dwarf galaxies.
The globular cluster IC 4499 was not found to be particularly unusual. It
displayed a typical metallicity for a halo object. Its radial velocity places it in
the range of allowed velocities for the Monoceros tidal stream, but again the
velocity is not unusual for a halo object at this location. Its Oosterhoff type
may hold clues to a potential dwarf galaxy origin.
5.2 Large Magellanic Cloud
The ancient SFH suggests the Magellanic system formed in isolation as a binary
pair of galaxies. The lack of periodic SFH events events > 4 Gyr suggests a lack
of orbital encounters with the MW. This fits with recent proper motion studies
that indicate a first passage for the Magellanic system. The similar early SFH
indicates the clouds shared a primordial chemical environment. The LMC shows
more signs of enrichment than the SMC, indicating gas feedback mechanisms
at work; perhaps related to the bar, which we find to have a slightly higher
metallicity than the disk.
The LMC is the dominant disk galaxy in the early binary system, with
its spiral and bar structure induced by the dwarf spheroidal satellite SMC.
The present tri-galaxy SMC-LMC-MW is rare and unstable, again indicating a
recent encounter for the system. The increased SFH in the last 3.5 Gyr probably
marks the beginning of the interaction with the MW. The length of the MS also
indicates a similar interaction time.
The LMC contains globular clusters at least as old as the MW population.
It appears in some ways to be a smaller barred disk galaxy analogue of the
MW. The analogy is stretched by the sparse stellar halo around the LMC. The
LMC halo may have been tidally or ram pressure stripped, like the MS on its
approach to the MW.
The mean of the radial velocity sample mean of µ = 259 km s−1 with stan-
dard deviation σ = 25 km s−1 agrees with other velocity samples in this region
(Kunkel et al. 1997; Alves and Nelson 2000; Cole et al. 2005; Van der Swaelmen
et al. 2013), but disagrees with the mean value of µ = 271 km s−1 of Zhao et al.
(2003) who also had σ = 25 km s−1 indicating a systematic offset in that study.
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Our estimate of 255 km s−1 systemic velocity is conservative, with the statis-
tical influence of literature data taken into account. A small sample of stars
surrounding the rotation centre indicate the systemic velocity could be as low
as 248 km s−1 Chapter 4, Figure 4.16.
Our finding of a disk like velocity dispersion at the centre, along with only
a weak metallicity or age gradient across the LMC, rules out the bar being
an ancient bulge-like structure as seen in the MW and other large disks. The
LMC is metal enriched compared to the SMC. If they formed in an isolated
environment the explanation is self-enrichment of the LMC. The bar feature
would tend to stream gas toward the centre of the galaxy, and we have observed
a slight enrichment in the bar region.
This investigation of the understudied LMC central bar region represents a
crucial piece of the picture of our nearest disk galaxy. The central region should
contain stars at the systemic velocity of the galaxy, where the disk rotation
goes towards zero. The effect of the transverse space motion on line of sight
velocities scales with sinρ, so at the very centre where disk radius ρ → 0, we
directly measure the systemic velocity of the galaxy from the radial line of sight
velocities. Systematic effects of assumed disk rotation models, geometry and
a proper motion estimate are circumvented; if one can identify the centre of
rotation and measure there. This study’s direct measurement of a systemic
velocity without systematics should constrain radially extended datasets.
We find no kinematic evidence for large scale disturbances in the stellar LMC
galaxy. We may have expected to find a double-peaked velocity distribution
if the bar was a separate entity. We may have expected to find a velocity
dispersion larger than the rest of the disk if we had a bulge feature. Harris and
Zaritsky (2006) found that a large SMC stellar sample appeared to show no
signs of major tidal disturbances. The SMC appears to be a regular spheroidal
flattened slightly by rotation. The SMC’s irregular appearance is due to recent
star formation events. We also find the LMC to be surprisingly well organised
disk, with near constant velocity dispersion over its radius and what appears
to be a quite well defined rotation curve. Once again the irregular appearance
is due mainly to regions like 30 Doradus that are undergoing star formation
events.
The constant velocity dispersion across the disk indicates that the mass
distribution is not exponential, otherwise a higher velocity dispersion would be
seen at the centre. Alternatively the LMC disk may be flared as proposed by
Subramaniam and Subramanian (2009) and the dispersion is increased at larger
radii by tidal heating.
This thesis shows stellar kinematics in the inner bar region do not indicate
anything other than a rotating disk model of the LMC. However this does not
preclude the sort of non circular streaming orbits along the long axis of the bar.
They may exist, but the component along the bar is perpendicular to the line
of sight and does not leave a strong signature in our radial velocity data, such
that what we measure is dominated by the rotation of the disk as a whole. The
simple circular disk rotation we have detected emphasises the intact nature of
the LMC stellar disk in contrast to the highly disturbed HI galaxy. HI studies
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also show a large scale simple disk rotation that agrees well with the stellar
data, in spite of the discrepancy between the rotation centres.
The bar does not appear on the evidence of our stellar sample to be a
separate feature. It is not the accreted remnant of a dwarf galaxy, an old bulge,
nor a counter-rotating core. We postulate that it is a typical resonance in the
kinematic star field induced by the SMC. Bars are typical in disk galaxies hosting
a satellite. There is evidence of very close tidal encounters as SMC stars seem
to have found their way into the disk of the LMC, (Olsen et al. 2011; Kunkel
et al. 1997). Also low metallicity objects may be built from SMC gas accreted
onto the LMC during encounters.
The slightly higher bar region metallicity detected is consistent with a small
but significant gradient detected in other studies (Cioni 2009; Feast et al. 2010;
Wagner-Kaiser and Sarajedini 2013). A subtly larger α abundance variance in
the bar compared to the disk is detected by Van der Swaelmen et al. (2013),
which may be attributable to massive young stars enriching the central galaxy.
They also find that LMC [α/Fe] is in general sub-MW in agreement with
Pompe´ia et al. (2008). This indicates that SNe Ia played a more significant
role relative to massive star SNe II in the LMC than in the MW, and probably
reflects the long slow star formation history of the LMC until recently.
A check on the metallicity calibration shows the results of slightly higher
metallicity in the bar is real, see Appendix D. A small calibration difference
was discovered between this near infra-red study and V band studies of matching
stars. Calibration of the effect of surface gravity on metallicity was made by
reference to red clump magnitude, taken as a constant 16.6 Ks. It appears
that Red clump magnitude actually gets fainter with decreasing metallicity at
K-band, the opposite of the effect seen at V band. This K-band study has thus
tended to overestimate metallicity by 0.1 dex at [Fe/H] = -1.0 and by 0.2 dex
at [Fe/H] = -1.5. Otherwise there is excellent agreement with other metallicity
scales. The estimate of slightly higher bar metallicity compared to the disk
remains valid.
The metallicity gradient found in this study and others reflects a star for-
mation history where the bar plays a role in driving star formation. The higher
bar metallicity may be due to gravitational torque from the bar density driving
pre-enriched gas in-falls along the bar. Gas gathered at the ends of the bar
appears to have triggered the birth of young stars. The bar itself is likely a
result of the several interactions with the SMC over the last five billion years.
The bar transfers angular momentum from the disk stars. While the LMC
has no substantial halo, it does have the SMC satellite, which is the absorber for
the LMC disk angular momentum emitters. The SMC drives the bar strength
and triggers periodic star formation in the LMC. The bar has probably been
regenerated with the recent passage of the SMC 200 Myr to 500 Myr ago with
extremely young populations associated with bar morphology (Gallart et al.
2008).
With a bar we might expect to see more non-circular motions. The results of
this study don’t find a substantial streaming motion along the bar, which may
indicate the bar hasn’t had time to drag the disk stars into elongated elliptical
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orbits and dissipate their angular momentum. However due to the orientation of
the LMC much of the streaming component is perpendicular to our line of sight,
and may not be detected. The response of the stars to the bar may instead be
represented in the thickness of the disk, or a “warming”, with vertical motions
representing the change from ordered angular momentum to z-motions in a = 1
resonance with orbits as described by Binney (1981).
The SMC itself would serve to absorb angular momentum by speeding up as
it flew by the LMC. The LMC stars pile up in the bar wave in response to the
tidal acceleration, dissipating angular momentum but still mostly maintaining
their circular orbits. Studies of other barred galaxies have also shown simple
global rotation curves (Bosma 1996; Odewahn 1996).
By showing the systemic velocity of the galaxy is about 10 km s−1 lower than
previous estimates we resolve some mysteries. Other studies have estimated the
systemic or central velocity using stars peripheral to the centre. van der Marel
et al. (2002) find a slightly negative result for a handful of stars in the central
region, although they do not attribute much significance to this finding due to
low sample numbers. They find for stars in the inner 0.5 kpc bin a disk rotation
velocity of −27.9 km s−1, which is incompatible with the disk model. They
suggest noncircular streaming motions at the very centre are not well modelled
by a simple rotating disk. A lower systemic velocity is a simpler explanation,
giving simple solid body rotation at the LMC centre. We agree with Marel
(2001) who find the bar velocity profile smoothly varying.
Other studies have suggested counter-rotation at the LMC centre (Subra-
maniam and Prabhu 2005) or even a bar totally disconnected from the disk
structure (Zaritsky 2004; Zhao and Evans 2000). This implies some serious dis-
turbance to the disk due to accretion onto the MW over several orbits, or radical
interaction with the SMC. This study show the bar retains a velocity signature
of an original circular rotating disk, and probably rules out major accretion
events. Subramaniam and Subramanian (2009) using red clump magnitudes do
not find any evidence that the bar is spatially distinct from the disk, and this
study agrees.
While our model suggests a lower systematic velocity at the centre, we agree
within our errors with previous authors on disk geometry, and on the rotation
curve at large radii (van der Marel et al. 2002; Olsen and Massey 2007; Olsen
et al. 2011; Piatek et al. 2008). We have shown with MCMC simulations that
a model of a simple rotating disk is valid within a range of adopted values for
the disk rotation centre, inclination and line of nodes angle. Streaming motions
along the axis of the bar may be present but are perpendicular to the radial line
of sight.
The residuals from a rotation model show no significant evidence of a pattern
that may indicate a structure other than a thin disk. If the bar and disk were
separate structures, we would expect our sample to contain a mixture of the two
populations within the inner regions. If this was the case then the residuals from
a rotating disk model might be expected to trace a unique bar population. The
residuals do not show evidence that there is any separate, coherent structure.
The bar itself appears only as a stellar density enhancement in the disk. However
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we do detect some significant differences in the residuals from the Massey RSG
and Reid PNe samples. The RSG sample is a young population and may be
associated with super-shell kinematics. Young populations in the LMC are
associated with the scattered Shapley constellations. The young population
probably has a higher asymmetric drift factor than the old and intermediate
populations of the rotating disk.
A subset of 28 stars with metallicity lower than -1.0 dex do not show any
statistical kinematic difference from the rest of the sample. Unlike Olsen et al.
(2011) this sample doesn’t exhibit any candidate accreted SMC low metallicity
stars with unique kinematics. Their potential SMC stars with odd kinematics
represented only 3% of their total sample. Some of the stars in this sample may
be accreted SMC stars with odd kinematics but they cannot be statistically
distinguished. The distribution does show a long tail of low metallicities, which
could represent the LMC SFH or an accreted low metallicity population.
The lower systemic velocity is a consequence of more detailed information
about the central velocity in this dataset than was previously available. Other
determinations of the systemic velocity have been inferred from data surround-
ing the inner region. Rotation models based on velocities in the outer regions
have been used to interpolate to the centre of mass velocity. The systemic veloc-
ity has been over estimated slightly in the absence of the central velocity data.
This study remedies that omission and shows that a rotating disk model with
lower systemic velocity explains the radial velocity observations.
Of the original three nights proposed observations of the LMC only four
hours were observed due to weather. This study represents the partial fulfilment
of the original goal of observing the entire central galaxy, bar and disk. From
just two fields we have confirmed the existence of a rotation curve, even down to
the extreme centre of the galaxy. This sample has demonstrated that counter-
rotation at the core is unlikely. The mean metallicity of the bar has been shown
to be higher than the that of the disk.
The proposal was on the service observing waiting list in case telescope
time became available during maintenance periods or cancelled observations.
While the proposal has now lapsed, spectroscopic large scale observations of
the entire disk and bar are overdue. This has been achieved for the SMC with
new AAOmega spectroscopic observations of the entire galaxy now completed
and currently under analysis. An homogenous data set covering the entire LMC
disk and bar would help resolve questions of kinematic contrasts, the metallicity
gradient across the galaxy, the star formation history, and provide clues to the
formation and interaction of the Magellanic system.
5.3 Making a Milky Way
The study of IC 4499 established a never before determined line of sight velocity
for this ancient stellar structure. The velocity estimate places restrictions on the
possible membership of IC 4499 in halo streams and contributes to understand-
ing of accretion processes in the formation of the MW. This study also placed an
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upper limit on the rotational velocity of the cluster, indicating it is pressure sup-
ported. An accurate measure of the metallicity was also obtained which allowed
a more precise age-dating of the cluster. The foreground to IC 4499 was heavily
crowded with stars from the MW Galaxy. The use of the AAOmega multi-fibre
spectrometer on the four metre Siding Springs Anglo-Australian telescope made
it possible to pick out the individual stars in the cluster from the crowded stellar
field toward the bulge region of the MW.
The same instrument was again used to observe an even more crowded field
at the very heart of the LMC. A rotation curve was established for the extreme
inner regions where none had been able to be determined. The rotation curve
also indicates a characteristic disk scale for the galaxy. The velocity dispersion
observed showed that even the inner regions display a thick disk profile, so
like previous studies no evidence was found of a hot pressure supported bulge
or halo population. Statistically no evidence was found for a counter-rotating
population or other systematic departure from the modelled circular orbits. The
bar feature is consistent with a density wave feature in a rotationally supported
disk.
A detection of slightly higher metallicity in the bar region relative to the
outer disk confirmed previous findings of a metallicity gradient. Such a gradi-
ent indicates a bottom-up hierarchical sense of formation of the galaxy in line
with the ΛCDM paradigm. We argue that since an initial rapid homogenous
top-down formation and prolonged quiet evolution for half its lifetime, recent
accretion and interaction have driven bottom up growth from the centre of the
LMC outwards.
The velocity determined in this study for IC 4499 helps place it in the context
of dynamical accretion processes that built the MW. The velocity is consistent
with a typical MW halo orbit, but also within the range of simulated velocities
for the Monocereos tidal stream, making its role ambiguous. Additionally the
lower metallicity estimate places it further towards the OoInt classification, from
its borderline OoI categorisation. This also hints at a dwarf galaxy origin for the
cluster, such as Canis Major, as these satellite objects tend to be OoInt. The
role of dwarf galaxies in the assembly of the MW is hidden in the tidal debris
streams within the halo. The metal poor nature of IC 4499 probably rules out
speculation of a young age for the cluster, placing it within the pantheon of
classic ancient MW clusters, with its Oosterhoff type hinting at a metal poor
dwarf galaxy origin.
The physical parameters measured do not mark out IC 4499 as particularly
unusual for a MW globular. It had been postulated that the cluster is unusual
for being younger than other globulars, (Ferraro et al. 1995). A similar study
found IC 4499 to be coeval with other metal poor clusters, (Salaris and Weiss
2002). Using our precise estimate of metallicity, Walker et al. (2011) conclusively
find that IC 4499 is coeval with other metal poor clusters at 12± 1 Gyr.
The velocity is not unusual for the location in the halo, (Robin et al. 2003).
The velocity may place IC 4499 in the Monoceros stream, but may just as well
be Galactic as the large range of stream velocities overlaps most of the Galactic
model velocities at this location, (Pen˜arrubia et al. 2005; Robin et al. 2003). At
175
CHAPTER 5. BUILDING BLOCKS
[Fe/H]= -1.5 dex it is not an unusual metallicity for a single stellar population
halo globular cluster.
Walker et al. (2011) find an homogeneous single stellar population, so a
detailed abundance analysis should reveal if the cluster can be associated with
a dwarf spheroidal galaxy or is a typical halo object. The mass estimate from our
velocity dispersion estimate is consistent with estimates from the light profile.
There does not appear to be any need to invoke a substantial DM component
to explain the kinematics. In conclusion we have helped establish that IC 4499
is an archetypical ancient metal-poor MW globular. Its exact evolution as an
in situ, or accreted cluster remains an open question.
Either the MW Galaxy, the SMC or both may responsible for the disturbed
LMC disk, including the bar feature. If the MW gravitational potential is re-
sponsible in the form of a clumpy DM MW halo, then the short cosmological
lifetime of induced bar features adds weight to the hypothesis that the LMC and
MW are undergoing a first interaction. If the bar is due to LMC-SMC interac-
tion then again, the event is cosmologically recent, in the last few gigayears.
The finding of 24 km s−1 line of sight velocity dispersion is consistent with
the stars in the sample being rotationally supported in a disk-like structure.
Like previous studies of the central region of the LMC we do not find a velocity
dispersion consistent with the bar being a spheroidal or triaxial bulge. This
probably rules out major mergers in the formation history of the LMC.
The very existence of a strong bar in the LMC suggests that heating of the
stellar disk is not excessive. Velocity dispersion may be negatively correlated
with bar strength in disk galaxies (Das et al. 2008). Rotational velocities are
compatible with a bar, whereas random thermal motions tend not to be. Our
analysis shows a dominant ordered rotational distribution of energy, and a thick
disk velocity dispersion, which provides a suitable environment for the bar res-
onance. The bar is not an unexpected feature in a disk galaxy like the LMC
which has such conducive conditions. A bar serves to move angular momentum
outwards from the centre of the galaxy, especially in a close encounter with the
satellite SMC.
The systemic velocity is one important component of the space motion of the
galaxy. Changes in the value for space velocity of the LMC have implications
for the entire history of the galaxy. A lower systemic velocity may just make
the Magellanic system bound to the MW. Origins of stellar features like the bar,
gas features including the stream and the leading and trailing arms depend on
the LMC trajectory within the MW halo.
If the LMC is on a first orbit of the MW, then we see evidence of the H1
gas galaxy absorbing the shock of the initial interaction leaving the stellar disk
comparatively intact, especially for population II objects. The effect on the
stellar population is recent star formation in regions like 30 Doradus, which
preferentially appear toward the bow shock of the LMC as it meets the MW
halo (Figure 8 Kim et al. 1998). There is also evidence for compression of cold
HI gas and molecular gas on the eastern leading edge (Marx-Zimmer et al. 2000).
The disk outer regions are the first to feel the tidal or ram pressure effects of
MW interaction (Bekki and Chiba 2005).
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The H1 gas disk is at a higher systemic velocity than the stellar disk and
this study emphasises the disconnect . The ‘L’ component of the H1 galaxy
may be more closely associated with the stellar disk, being closer in velocity
space. The ‘L’ component two arm morphology is also vaguely spiral. The
bar feature appears intrinsic to the velocity field of the stellar disk. Streaming
motions along the bar are perpendicular to our line of sight and are not detected
in radial velocity observations. Despite such a strong bar it is remarkable that
non circular streaming motions do not smear out the circular rotation. This
may indicate the bar is a recent feature associated with the recent 200-500 Myr
encounter with the SMC.
The LMC morphology is a record of the various factors which have shaped
the galaxy over the last few billion years. The SMC is primarily responsible for
shaping the LMC over most of this time with the MW beginning to grow in im-
portance as the clouds make their first approach. SMC encounters over a longer
time may have induced the bar, and some H1 leading and trailing debris. More
recent disturbances such as sporadic star formation and further disconnection
of the H1 gas from the stellar disk may be due MW halo interaction. The bar
structure is stellar in composition probably due to the SMC interaction, with
the H1 gas showing no associated structure.
The hierarchical accretion process of building the MW Galaxy is being played
out in front of us. The LMC-SMC interaction is a microcosm of the larger
LG dramas, which will ultimately culminate in the amalgamation of the two
major disks, M31 and the MW into a new super galaxy. Understanding the
construction of galaxies is vital to comprehension of a universe founded on DM.
Disks in simulations can survive encounters with a substantial satellite of
10% the mass of the disk (Walker and Nemec 1996). The HI gas may tend to
preferentially absorb kinetic energy from minor mergers and flybys compared
to the stellar disk. Moster et al. (2010) model a merging environment for LG
type galaxies and show that gas can reduce disk heating by absorbing kinetic
energy. The HI gas appears to be bearing the brunt of the disturbances to the
galaxy. The HI disk seems to show even stronger spiral features than the stellar
disk (Kim et al. 1998; Staveley-Smith et al. 2003). Whatever causes the bar
resonance, resonates even more strongly in the gas galaxy. The HI also shows
multiple components and velocity profiles, indicating that it is more disturbed
than the stellar disk. In addition the rotation centres of the HI and stellar
galaxies appear to be offset.
The fact that we see the older stellar populations regularly distributed in
stable and largely undisturbed orbits in the SMC ellipsoid (Zaritsky et al. 2000),
and the LMC disk [this thesis], argues for a recent origin for the disturbed mor-
phologies of the Magellanic system. Recent proper motion estimations support
this hypothesis (Kallivayalil et al. 2006; Piatek et al. 2008; Vieira et al. 2010),
indicating the Magellanic system is on its first orbit or first passage past the
MW Galaxy.
The recent disturbances have resulted in disproportionate ram or tidal strip-
ping of the HI component of the galaxy compared to the stellar. The effect on
the HI has possibly created density conditions for recent star formation activity
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at shock fronts and in turbulent wakes. The bar feature in the LMC disk, along
with the spiral pattern, is probably the result of the presence of the SMC near
the LMC disk, as bars are often found in galaxies with substantial compan-
ions Steinmetz and Navarro (2002). The MW grand design spiral and bar may
even be a response in part at least to the presence of the Magellanic system’s
influence on the MW DM halo, along with the other dwarf galaxies.
The metallicity gradient is evidence that the LMC galaxy formation has
been bottom up, or inside out, and the galaxy has evolved in some part due
to accretion of enriched gas, in addition to self-enrichment. Brook et al. (2011)
proposed removing angular momentum from the disk via outflows into the halo
which then feedback to the central galaxy. The slightly higher metallicity found
in the bar compared to the disk may be a clue that pre-enriched gas has re-
circulated back into the central region, perhaps with the aid of the bar. This
creates conditions in the bar region where CMD studies suggest young metal-
rich RGB stars dominate samples (Cole et al. 2009).
We do not see the SFH of the Magellanic clouds mirrored in the MW. There
is little evidence for LMC effects on the MW, which indicates the Magellanic
system has self-interacted independently of the MW until very recently. The
SFH is reflected in the SMC at 500 Myr and at 2 Gyr (Harris and Zaritsky
2009). Interactions with the SMC and momentum exchanges would account for
the LMC bar feature. Barred Magellanic type galaxies nearly always have a
close companion (Odewahn 1994).
If DM played a role in the formation of Galactic GC then where is the
evidence for it now? The DM is unlikely to have been tidally stripped by
interaction with the Milky way (Baumgardt and Mieske 2008). Nor is DM
ejected in numerical simulations. The lack of DM in globular clusters has cosmic
implications for the formation of stellar groups in primordial times and may have
implications for modified theories of gravity (e.g. modified Newtonian dynamics
(Milgrom 1983)). The existence of DM halos in dwarf galaxies suggests some
scale break for the role of DM in forming structure. This may go some way to
explaining the deficit of small structure .
Steinmetz and Navarro (2002) show that in ΛCDM cosmology simulations
satellite galaxies stimulate bars within disks. In fact all galaxy morphologies
seem attributable to mergers and interactions disrupting the “pure” disk struc-
ture. Hierarchical structure formation is too ”lumpy” in the ΛCDM paradigm,
resulting in not enough disk galaxies in simulations. Disks require smooth gas
flows, and ΛCDM predicts too much small structure which can disrupt disks.
Perhaps the lack of DM in GCs points to less small scale lumpiness in the DM
universe. There may be some threshold of DM potential below which baryonic
condensation cannot occur, possibly due to ionisation from the host galaxy in
a MW type halo. DM’s role in structure formation may break at a particular
scale length somewhere between dwarf galaxies, which have a substantial DM
components, and globular clusters which do not.
Together the GC IC 4499 and the dIrr LMC provide contrasting and com-
plementary views of the MW Galaxy. Both objects are at vastly different scales
but both are iinteracting with the MW and each other. The LMC is a substan-
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tial disk that appears to have arrived late in the evolution of the MW, perhaps
on its first fly-by. If IC 4499 is a tidal remnant of a dwarf satellite that has
been accreted, then it points to the past merger history of the MW. If IC 4499
is a classical GC that formed in the outer regions of the halo at the same time
as the proto-galactic disk, then it has a slightly unusual HB morphology, which
may indicate population subtleties. These populations may hold clues to the
origin of the formation of the Galactic halo at ancient times. Either way IC 4499
points to the past, and the LMC to the future of the MW.
Future observations of the planned but unobserved fields with AAOmega will
allow the extension of the scope of this thesis to a comparison of the LMC disk
with the bar kinematics and metallicities. Understanding the internal dynamics
of the Magellanic Clouds is crucial to improvement of the systematics of the
space motions of the galaxies. Objects in the MW Galaxy and halo environment
provide a laboratory for the study of hierarchical galaxy formation. Multi-object
spectroscopy, chemical tagging and velocity determinations of MW and halo
objects will continue to shed light on the evolution of the Galaxy.
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A
Stellar Dynamics in Potentials
A.1 Potentials
To find the gravitational force on a point particle at x we have to look at all
the infinitesimal elements of mass at a distance x′ where the force acts as the
inverse of the square of the distance, following Newton,
dF(x) =
Gm(x)
|x′ − x|2 dm(x
′) =
Gm(x)
|x′ − x|2 ρ(x
′) d3x′
 A.1
Where G = 6.673 84± 0.000 80× 10−11 m3kg−1s−2 (Gillies 1997) is the uni-
versal gravitational constant. All the contributions are summed to give the force
on m(x),
F(x) = Gm(x)
∫
ρ(x′)
|x′ − x|2 d
3x′
 A.2
The potential is defined (Binney and Tremaine 2008) as,
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Φ(x) ≡ −G
∫
ρ(x′)
|x′ − x| d
3x′
 A.3
so that that the acceleration is the gradient of the potential,
F(x) = m(x)a(x) = −∇Φm(x)
 A.4
To to ascertain the source or sink of the gravitational field, we take the
divergence of the acceleration (Binney and Tremaine 2008),
∇ · a(x) = G
∫
∇ · ρ(x
′)
|x′ − x|2 d
3x′
 A.5
When we consider the divergence of,
∇ · 1|x′ − x|2 =
−2
|x′ − x|2 +
2|x′ − x|
|x′ − x|3 = 0 for x
′ 6= x
 A.6
the divergence is zero for all x′, except for an infinitesimal sphere around x,
say radius h, within which region we consider the density to be constant, so the
density term comes out of the integral,
∇ · a(x) = Gρ(x)
∫
|x′−x|≤h
∇x · 1|x′ − x|2 d
3x′
= −Gρ(x)
∫
|x′−x|≤h
∇x′ · 1|x′ − x|2 d
3x′
= −Gρ(x)
∫
|x′−x|=h
d2S′ · 1|x′ − x|2
On the second line above, the divergence variable is changed to x′, reversing
the direction, and on the third line the integration is now over the surface
elements d2S′ = |x′ − x|hd2Ω where d2Ω is an increment of solid angle. As on
the surface |x′ − x| = h we now have,
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∇ · a(x) = −Gρ(x)
∫
d2Ω = −4piGρ(x)
 A.7
Now we can relate the potential field Φ to the source of the gravitational
force, the density in space,
∇ · a(x) = ∇ · (−∇Φ) = −∇2Φ = −4piGρ(x)
 A.8
This gives us Poisson’s second order differential equation for a gravitational
field,
∇2Φ = 4piGρ(x)
 A.9
The potential equation A.3 gives us the necessary Dirichlet boundary con-
dition to solve the Poisson equation; Φ→ 0 as |x| → ∞ for an isolated system.
For ρ(x) = 0 we have the Laplace equation ∇2Φ = 0, and these elliptic partial
differential equations form the basis of potential theory.
Integrating equation A.9 over any volume containing the system mass M,
∇2Φ = 4piG
∫
ρ(x) d3x =
∫
∇2Φ =
∫
d2S · ∇Φ = 4piGM
 A.10
This shows the potential gradient normal to any surface enclosing the mass
is equal to the mass enclosed, times a constant.
Our interest lies in the velocities of stars in gravitational potentials. The
simplest case is that of a circular orbit at fixed radius around a spherical po-
tential Φ = −GMr . The force on the star mass m due to the potential gives us
the centripetal acceleration, in spherical coordinates,
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F (r) = ma(r) = m(−∇Φ) = GmM
r2
= m
v2
r
 A.11
Which gives the circular velocity in the simplest case,
v =
√
GM
r
 A.12
and in terms of angular frequency,
Ω =
v
r
=
√
GM
r3
 A.13
A.2 Plummer Globular Model
We can consider a globular cluster as a simple type of gravitational potential,
the spherical potential.
Newton’s two theorems will be required,
1. A body within a spherical shell of matter experiences no net gravitational
force from the shell, we only need consider matter interior to the body as
per the following theorem,
2. A body outside a spherical shell of matter experiences the same gravita-
tional force as if all the matter were located at the centre of the sphere.
With these principles in mind we can look at the velocity of a star within
a globular cluster modelled as a spherical mass distribution, a collisionless and
non-rotating system. A model must replicate the observed properties of a glob-
ular cluster, a central density within a characteristic radius falling off rapidly
to zero at some outer tidal radius. The the simplest model is that of a power
law over the radius ρ ∝ r−α. The Plummer model of a globular cluster (Plum-
mer 1911) is an example of this type of model. This model was arrived at by
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comparing the star counts at various radii in globular clusters with models of a
spherical mass of gas in an isothermal state.
The potential of the Plummer model is, in spherical coordinates,
Φ(r) = − GM
r2 +Ro
 A.14
Where Ro is the Plummer scale length, within which the potential is approx-
imately constant where r << Ro. Outside the scale length then the potential
will asymptote to zero as r → ∞. Any number of power law models exist and
may be a better approximation, but the Plummer potential model is analytical
and we can evaluate quantities (Dejonghe 1987). It is often used in n-body
simulations and a large body of literature exists on the subject. It is often used
to model a spherical DM galaxy potential in simulations.
The purpose is to arrive at a mass estimate for the cluster. From velocity
measurements of cluster members a velocity dispersion can be estimated at the
centre of the cluster. The virial theorem relates the kinetic energy represented by
the velocity dispersion with the potential energy. The Plummer model allows
an analytic evaluation of a quantity for the potential energy. The first step
towards a mass is to obtain the density distribution of the globular cluster
by evaluating the Poisson equation A.9 for gravity in the Plummer potential.
Spherical symmetry is assumed so only changes in radius are considered,
∇2Φ = 1
r2
d
dr
(
r2
dΦ
dr
)
=
3GMR2o
(r2 +R2o)
5/2
= 4piGρ
 A.15
Which gives the density profile,
ρ(r) =
3M
4piR3o
(
1 +
r2
R2o
)−5/2  A.16
Shells of cluster material thickness dr taken at some radius r will have mass,
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dm(r) = ρ(r)4pir2dr. That element of mass dm(r) is considered in the potential
of all the remaining mass interior to the shell.
E dr = Φ(r)ρ(r)4pir2dr
 A.17
Recalling Newton’s theorems, the mass of the shells outside the shell under
consideration can be ignored, and all mass interior to the shell can be considered
as being point-like at the centre. We need to consider the sum of the energy
between all the pairs of small elements of mass and the rest of the cluster across
all radii. Mass elements are counted twice, as a member of either side of the
pair, so the sum is divided by two,
E =
1
2
∫ ∞
0
Φ(r)ρ(r)4pir2dr
 A.18
Taking the expressions for a Plummer potential Φ(r) (A.14) and density ρ(r)
(A.16) from above, we can express the potential energy as,
E = −1
2
∫ ∞
0
GM
Ro
(
1 +
r2
R2o
)−1/2
3M
4piR3o
(
1 +
r2
R2o
)−5/2
4pir2dr
 A.19
= −3
2
GM2
R4o
∫ ∞
0
(
1 +
r2
R2o
)−3
r2dr
 A.20
Integration by parts is required to simplify this integral into a standard form,
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E = −3
2
GM2
R4o
∫ ∞
0
(
1 +
r2
R2o
)−3
r2dr
 A.21
= −3
2
GM2
R4o
[
−R
2
o
4
(
1 +
r2
R2o
)−2
r
∣∣∣∣∞
0
+
∫ ∞
0
R2o
4
(
1 +
r2
R2o
)−2
dr
]  A.22
= −3
8
GM2
R2o
∫ ∞
0
(
1 +
r2
R2o
)−2
dr
 A.23
= −3
8
GM2R2o
∫ ∞
0
(
R2o + r
2
)−2
dr
 A.24
The integrand is in a form now that the solution can be found in tables of
common integrals (Kreyszig 1999),
E = −3
8
GM2R2o
∫ ∞
0
(
R2o + r
2
)−2
dr
 A.25
= −3
8
GM2R2o
[
1
2R3o
arctan
(
r
Ro
)
+
r
2R2o(r
2 +R2o)
] ∣∣∣∣∞
0
 A.26
= −3
8
GM2R2o
[
1
2R3o
pi
2
]  A.27
= −3pi
32
GM2
Ro
 A.28
Having evaluated the potential energy of a Plummer globular cluster, the
virial theorem relates the velocities and enables an estimate for the mass of the
cluster.
We used a Monte Carlo Markov Chain method to estimate a central velocity
dispersion for the cluster, based on our observed velocities. The central veloc-
ity dispersion indicates the maximum kinetic energy due to the potential. In
an isothermal sphere we can relate the measured velocity dispersion σ to the
circular velocity of a test particle around the cluster mass, (Eqn 2.61 Binney
and Tremaine 2008),
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vc =
√
2σ
 A.29
The virial theorem tells us that the potential energy is twice the kinetic
energy. Assuming the cluster approaches energy equilibrium.
1
2
P.E. =
3pi
64
GM2
r0
= K.E. =
1
2
Mv2c =
1
2
(
√
2σ)2
 A.30
giving the mass as a function of the velocity dispersion,
M(σ) =
64
3pi
σ2r0
G
 A.31
This formula is used to calculate the IC 4499 cluster mass from the measured
velocity dispersion in Chapter 3.
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B
Statistical Tools
Our IC 4499 data was used to make some estimates of parameters for a physical
model of the cluster. The 43 stars we selected as cluster members represented
quite a small sample. We also had error estimates on the physical quantities
measured which could also be incorporated into the model.
Classical estimation treats probabilities as a measure of the frequency of
outcomes in a long run of events. These probabilities are considered to exist
in a realm outside of human control as a true reality that could be perceived
if only one could observe a very long series of data. The Bayesian view is that
probability represents a degree of belief in the possible outcome of the event
under consideration given what is known and what has been observed.
The randomness of estimates in classical statistics is a result of noise in the
world, including systematics in the observer’s world, while the true values of the
parameters being estimated are fixed. Randomness in the Bayesian world lies in
our knowledge of the model parameters. In Bayesian estimation one must pos-
tulate a prior distribution for a parameter, which represents a state of knowledge
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or belief in its value. In our estimation of LMC disk rotation model parameters
we incorporate prior knowledge of disk geometry from previous studies.
Our statistical needs included simple characterisation of the data observed
with estimators like the mean and the median. Often the data distribution is
approximately normalN(µ¯, σ) and uncertainty is usually quoted in the literature
as one standard deviation σ. The more complicated problem of fitting model
parameters conditional on the data observed arose in relation to the velocity
dispersion profile in IC 4499, and estimating a rotation model of the LMC.
Many authors use Maximum Likelihood Estimation to estimate velocity dis-
persion model parameters. But there are problems with this method, such as
determining the binning scheme to be used on the data (Gunn and Griffin 1979),
and the question of bias when errors in velocity measurement are of the same
order as the cluster velocity dispersion and sample numbers are low (Pryor and
Meylan 1993). To remove the bias in our case, given 43 stars and measure-
ment errors comparable to the central cluster velocity dispersion, we needed to
conduct Monte Carlo simulations based on the data.
B.1 Maximum Likelihood Estimation
A common approach is to use maximum likelihood estimation (MLE) as pro-
posed by Pryor and Meylan (1993) to estimate the velocity dispersion model
parameters for a globular cluster based on a sample of velocities. The ac-
curacy of the estimator is dependant on the sample size. The sampled data
Y = (y1.......yn) come from a probability distribution P (Y |Θ) conditional on a
set of unknown parameters Θ = (θ1....θn). Having measured Y we want to esti-
mate Θ. The MLE gives the values of θ1......θn which maximise the Likelihood
function,
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L(Θ|Y ) =
n∏
i=1
P (yi|Θ)
 B.1
The problem is simplified by taking the log of the above equation to turn
the product into a sum,
ln(L(Θ|Y )) =
n∑
i=1
ln(P (yi|Θ))
 B.2
The log function preserves order, so the maxima occur in the same place as
the Likelihood function. To find these maxima we differentiate and solve for the
the roots of,
S(Θ) =
∂
∂Θ
ln(L(Θ|Y )) = 0
 B.3
S(Θ) is called the Score function and the set Θ¯ that satisfies S(Θ) = 0 is
the MLE. The second derivative of the Likelihood function is the Information
function and measures the curvature at the maximum,
I(Θ¯) = − ∂
2
∂2Θ
ln(L(Θ¯|Y ))
 B.4
I(Θ¯) is greatest when the variance is smallest, when the peak in the Like-
lihood function is sharpest. The Information function is the inverse of the
standard error (Aldrich 1997). The assumption being that the Likelihood is
Normally distributed as the number of samples gets large. The criticism is that
for many multivariate models, the assumption of normality is questionable, when
the sample size is small, or parameters θ are correlated, or the parameters exist
in bounded domains. Crucially the uncertainty in the MLE is especially sus-
ceptible. Taking a Taylor series around the Likelihood maximum to investigate
the distribution at this point,
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ln(L(Θ)) ≈ ln(L(Θ¯)) + ∂
∂Θ
ln(L(Θ¯))(Θ− Θ¯) + 1
2
∂2
∂2Θ
ln(L(Θ¯))(Θ− Θ¯)2 + .... B.5
The first term is some constant, the second term is zero at the maximum,
and the third term contains the Information function,
 B.4 , so ignoring higher
order terms,
ln(L(Θ)) ≈ a− 1
2
I(Θ− Θ¯)(Θ− Θ¯)2
 B.6
so that,
L(Θ) ≈ A exp− (Θ− Θ¯)
2
2(I(Θ− Θ¯)−1/2)2
 B.7
which shows that the Likelihood is approximately Normally distributed L(Θ) ∼
N(Θ¯, I(Θ − Θ¯)− 12 ) with mean Θ¯ and covariance 1/√I. When the Likelihood
deviates from Normal, then the theory of uncertainty in the MLE becomes in-
valid. For small finite sample sizes Normality is not a given, especially when
one starts binning the sample and assuming Normality within the bin. Bounded
domains for parameters θi also cause the Taylor series argument to fail.
B.2 Bayesian Estimation
Bayesian estimation does not necessarily assume a Normal probability distribu-
tion. When employing MLE methods the assumption of a Normal (or Gaussian)
distribution must be made (e.g. Mucciarelli et al. 2012). The Bayesian param-
eters themselves as well as the observed data are treated as random variables.
This is in contrast to MLE where the data alone are random variables. In
the case of the velocity dispersion profile for IC 4499 we have only 43 stars in
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our sample, and several parameters. It was therefore decided to use a Markov
Chain Monte Carlo technique to estimate the distribution of the parameters in
the velocity dispersion model.
A starting point in Bayesian estimation is the adoption of a prior distribu-
tion. This represents our knowledge of the problem. This can be very general,
such as: the parameter of interest is greater than zero. The prior only becomes
problematic if it is too narrow, or too informative, restricting the exploration
of the parameter space to too small a region Figure B.2a. A too general prior
is less damaging, but can result in slow convergence to the distribution of the
parameter. The non-informative prior means we encode no knowledge of the
distribution of the parameter, the weakly-informative prior means we include
some idea of the domain of the parameter.
Thomas Bayes’ concept of inverse probability is argued for by equating the
two forms for stating the conditional probability of A and B both occurring,
P (AB) = P (A)P (B|A)
 B.8
P (AB) = P (B)P (A|B)
 B.9
In words, the probability of observing both A and B, is the probability of
A multiplied by the probability of B given A has already occurred. This is the
same as the probability of B occurring multiplied by the probability of A given
we already have seen B. Equation
 B.9 rearranged gives,
P (A|B) = P (AB)
P (B)
 B.10
Substitution of
 B.8 for P (AB) results in the statement of Bayes’ Theorem,
P (A|B) = P (A)P (B|A)
P (B)
 B.11
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Bayes’ Theorem was originally formulated to estimate the conditional prob-
ability of observing an event A given that another event B has already been
observed, when one knows the probability of the events on the RHS of
 B.11
from observation and from prior knowledge. In our case we wish to estimate
some parameters based on observed data. We wish to estimate the probability
distribution of parameters Θ given the set of observation Y , which is called the
posterior distribution,
P (Θ|Y ) = P (Θ)P (Y |Θ)
P (Y )
 B.12
Where the P (Y ) in the denominator is a normalising factor, the sum prob-
ability of the observed data given all possible sets of parameters. This integral
is hard in practice to calculate.
P (Θ|Y ) = P (Θ)P (Y |Θ)∫
Θ
P (Y |Θ)P (Θ)dΘ
 B.13
The usual approach is to simulate the posterior without calculating the nor-
malisation factor, to just find a distribution that is proportional to the posterior.
The posterior parameter space is explored using a Markov Chain which steps
around the distribution. The Markov property is that the probability of the next
step is only conditional on the present state, and has no memory of past states.
The chain can explore all the space, because any chain can communicate with
any other chain. This is assured by the property that the probability of arriving
at any given point, given any starting point, is greater than zero, known as the
irreducibility property (Gilks et al. 1998). For exploring a stationary distribu-
tion we also require aperiodicity which for the continuous target distribution
under consideration is true. It is assured the chain will converge to the target
distribution pi (Tierney 1996). For arbitrarily large n the the distribution of the
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chain (X0.....Xn) will become closer and closer to pi.
EachX is a vector of the j parameters to be estimated, Xi = (x0, x1, .........xj)
The heart of the Markov Chain is the transition kernel which represents the
probability of stepping from a point X to another point in the set of points in the
target distribution, or the state space. The target distribution is the posterior
distribution in our problem
 B.13 . The kernel should ideally be reversible, or
symmetric in the sense that it has equal probability of stepping from Xn to
Xn+1 as from Xn+1 to Xn within the target distribution. The direction of
time is immaterial, the chain could equally probably have been created with
the steps taken in reverse. This property guarantees the target distribution pi
is stationary. After many iterations the chain should explore an unbiased, large
representative sample of the posterior, target distribution.
We can start an an arbitrary X0 and the irreducibility, connected, property
assures us that the chain will approach the target distribution. In practice X0
is chosen to be close to the target distribution to avoid a prolonged time for the
chain to reach the target distribution. This can be done by some exploratory
short chain runs to see where the chain converges. As soon as the chain attains
an Xt within the target distribution then theory guarantees that all following
points in the chain will be from the target distribution (Tierney 1996).
The Metropolis Hastings method takes a proposal point from distribution
q(.|Xt). This distribution is chosen to roughly approximate the target distri-
bution pi(X) so that convergence is quicker. In Bayesian inference the proposal
distribution is the prior chosen based on previous knowledge. A new point is
generated from the proposal distribution. The Metropolis-Hastings algorithm
also introduces an acceptance algorithm to ensure reversibility.
α(Xn, Xn+1) = min
(
1,
pi(Xn+1)q(Xn|Xn+1)
pi(Xn)q(Xn+1|Xn)
)  B.14
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If the probability of the proposed Xn+1 conditional on the prior distribution
is greater than the current Xn then Xn+1 is accepted with probability α =1.
Otherwise the probability of acceptance is low, and chain is likely to stay at Xn
while a new proposal is computed. Our method employs symmetric gaussian
proposals so that q(Xn|Xn+1) = q(Xn+1|Xn) and we can employ the simpler
Metropolis algorithm,
α(Xn, Xn+1) = min
(
1,
pi(Xn+1)
pi(Xn)
)  B.15
For our Metropolis algorithm we also take the log of the pi(Xi) so the ratio
becomes a difference, and numerical problems with near zero probabilities are
avoided. Taking the ratio of the two proposals eliminates the need to normalise.
The Gibbs sampler looks at each parameter xi ∈ X whilst holding all other
parameters x−i ∈ X constant. The Gibbs sampler accepts all proposals with
probability α = 1. The Gibbs sampler then samples from the complete condi-
tional distribution.
Theory assures us that given infinitely many iterations the sampler will con-
verge to the target distribution. In practice a finite set of samples is taken, for
modern computers this can be a large number. There still remain a number of
practical considerations given the finiteness of the sample. The burn in period
is the number of steps taken for the sampler to converge to the stationary dis-
tribution. After the burn in period the chain will be independent of the starting
point chosen. The burn in points are taken out of the sample. From here the
sampler is left to mix and provide a sample of the posterior. The length of
the burn in period is dependent on the complexity of the problem, specifically
the number of parameters. It also depends on the distance between the target
distribution and the starting point, a large distance may require some num-
ber of iterations for the sampler to find the stationary distribution. The chain
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can be autocorrelated and a significant lag time will reveal any patterns. The
length of the chain divided by the lag time will give the number of completely
independent samples.
Slow mixing means nearby points are correlated to some degree. If successive
samples are not moving easily then their current location depends strongly on
recent locations in the sample space. Thinning is a technique to reduce this
dependence. Only a subset of the sample is selected with every mth point being
chosen, the gap (m − 1)between points in the chain being sufficient to ensure
the points are independent.
Multiple chains, with different starting points can be run and the samples
combined to ensure a better representation of the target distribution. This
eliminates any dependence on the starting position. This can be desirable by
averaging out chains that get ”stuck” somewhere in an odd corner of the target
distribution space, or which fail to find modes of multi-modal distributions.
The Metropolis-Hastings sampler requires a proposal distribution be chosen.
The proposal can have two extreme effects. If the proposal is too limiting the
proposed steps are small, most steps are accepted and the mixing is slow, and
the chain fails to converge rapidly to the target distribution Figure B.2a. If the
proposal is too broad then large steps are taken into low probability regions and
the proposed step will not be accepted. Non-acceptance results in slow mixing
as the chain fails to move often. A good prior indicates the location of the target
distribution, and most proposals are in the vicinity of the target Figure B.1a.
The Metropolis-Hastings algorithm can have problems with target distributions
that are curved (Gilks et al. 1998).
The Gibbs sampler is good at sampling odd shaped distributions as all pro-
posals are accepted , but fails to explore multi-modal distributions completely.
These problems occur in a minority of posterior distributions. The Normal dis-
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(a)
pi(.)
q(.|X)
Figure B.1: Prior q(.|X) is general enough to include target distribution pi(.)
and helps define location. Prior not too broad so proposals have high probability
of acceptance.
(a)
q(.|X)
pi(.)
Figure B.2: Prior too narrow and restrictive, proposals are nearly always ac-
cepted, but fails to propose moves to some regions of pi(.) and chain will not
converge to target distribution.
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tribution density on a logarithmic scale (log-normal) is concave for example.
However exploratory exploration of the posterior and tuning of the proposal
are common practice to avoid problems associated with odd shaped and multi-
modal posterior distributions.
We choose the Bayesian estimation technique in the problem of estimating
the velocity dispersion profile in the globular cluster IC 4499. We have a small
sample size of 43 from which to estimate a multidimensional model, where the
different parameters may have unique probability densities. Some of the pa-
rameters are on bounded domains. The radius from the cluster centre is always
positive for example.
Within the sample scheme we adopt a weakly informative prior that assumes
the measured velocities are distributed as Normal. The Gibbs sampler is used to
find the mean while the other parameters are held constant. At each iteration
we then employ the Metropolis algorithm to sample the full conditional distri-
bution of the other parameters. The other parameters may display correlations
and have unusual distributions. The use of the Cholesky decomposition of the
correlation matrix of the parameters to control the step size, tends to remove
the effects of correlations between parameters (Gilks et al. 1998). This sophisti-
cated Metropolis within Gibbs scheme is the work of Dr. Simon Wotherspoon.
Most computer packages use the Gibbs sampler alone. Once we have a sample
from the target distribution, we use classical statistics to describe the resulting
parameter distributions, using measures like median, mean, and quantiles.
B.3 MCMC Algorithm
The following script in the R programming language is used to generate a rep-
resentative sample from the posterior distribution of model parameters. The
techniques outlined above are employed here and we describe the implementa-
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tion with reference to the following code.
The first ten lines define the Plummer velocity dispersion model and param-
eters, R.mu the mean characteristic radius of the Plummer model, R.sd the
dispersion of R. The central velocity dispersion is K in the code. The model is
conditional on measured astrophysical quantities, r the radius from the cluster
centre, v the measured velocity and se the estimated error in measurement. The
sampler parameters are also defined, the number of iterations, n.iters and the
thinning gap to reduce correlation n.thins.
The Gibbs sampler samples for mu the mean velocity from the full condi-
tional distribution given the data and errors observed. The Metropolis sampler
used adds a random size step to the current p = [K,R] vector to generate a pro-
posal, then compares the ratio of the probabilities of the proposed and current
p to another random number and accepts or rejects the proposed move.
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R code IC 4499 velocity dispersion, Metropolis within Gibbs sampler
1 mcmc.glob <- function(r,v,se,
2 R.mu,R.sd,
3 start ,V,
4 n.iters ,n.thin) {
5 ## Log posterior (up to additive const)
6 log.posterior <- function(mu,p) {
7 ## p = (K,R)
8 s <- sqrt(p[1]^2/sqrt (1+(r/p[2]) ^2)+se^2)
9 sum(dnorm(v,mu,s,log=T))+dnorm(p[2],R.mu,R.sd,log=T)
10 }
11 ## Initialize
12 p <- start
13 L <- chol(V)
14 ch <- matrix(0,n.iters ,3)
15 colnames(ch) <- c("mu","K","R")
16 for(k1 in 1:n.iters) {
17 for(k2 in 1:n.thin) {
18 ## Gibbs sample for mu
19 tau <- 1/(p[1]^2/sqrt (1+(r/p[2]) ^2)+se^2)
20 S1 <- sum(tau)
21 S2 <- sum(tau*v)
22 mu <- rnorm(1,S2/S1 ,1/sqrt(S1))
23 ## Metropolis sample for p=(K,R)
24 p1 <- p+rnorm (2)%*%L
25 if(all(p1 >0)) {
26 logp <- log.posterior(mu,p)
27 logp1 <- log.posterior(mu ,p1)
28 if(logp1 - logp > log(runif (1))) {
29 p <- p1
30 }
31 }
32 }
33 ch[k1 ,] <- c(mu,p)
34 }
35 ch
36 }
37 d <- read.table("velocity.data",header=T)
38 ## Fit initial model
39 V <- diag(c(0.1 ,0.0001) ^2)
40 fit <- mcmc.glob(d$radius ,d$velocity ,d$error ,
41 R.mu=0.030 ,R.sd=0.005 ,
42 start=c(3 ,0.025),V=V,
43 n.iters =1000,n.thin =10)
44 ## Tune proposal
45 for(i in 1:3) {
46 V <- var(fit [ ,2:3])/3
47 fit <- mcmc.glob(d$radius ,d$velocity ,d$error ,
48 R.mu=0.030 ,R.sd=0.005 ,
49 start=c(3 ,0.025),V=V,
50 n.iters =5000,n.thin =10)
51 w <- i+1
52 f <- paste("plot",w,sep="")
53 ff <- paste(f,".png")
54 png(file=ff)
55 plot(as.ts(fit))
56 dev.off()
57 }
58 ## Final sample
59 V <- var(fit [ ,2:3])/3
60 fit <- mcmc.glob(d$radius ,d$velocity ,d$error ,
61 R.mu=0.030 ,R.sd=0.005 ,
62 start=c(3 ,0.025),V=V,
63 n.iters =20000 ,n.thin =10)
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The MCMC algorithm is adapted to the higher dimensional problem of a
rotation curve and disk geometry parameters for the LMC. Once again we use
Metropolis within Gibbs, this time to circumvent causal circularity, incorporate
errors and return robust error estimates. The systemic velocity depends on
having a model, and the model is conditioned on disk velocities, which are
calculated using the systemic velocity. The details of the transformation are in
Chapter 4 and based on the work of van der Marel et al. (2002).
Gibbs sampling for the systemic velocity conditional on the data and errors
while holding other all parameters constant we can then take this value as
constant in the next sampler. We then Metropolis sample a six dimensional
full joint conditional distribution of disk model parameters conditional on the
transformed velocities. The inclination angle is just randomly selected at each
iteration from a normal distribution to make it a “ fuzzy” fixed parameter. The
scheme is numerically cumbersome and slow requiring a re-transformation of
every sample member velocity with the updated parameters at each iteration.
This reflects the circular nature of the causal dependencies. While not elegant,
it does work.
Adapted R code LMC disk rotation model, Metropolis within Gibbs sampler
1 mcmc.glob <- function(vel , se, vra , vdec ,
2 Vo.mu, Vo.sd, mu.mu, mu.sd, Ro.mu , Ro.sd ,
3 lon.mu , lon.sd , ra.mu , ra.sd, dec.mu, dec.sd ,
4 start ,V,
5 n.iters , n.thin) {
6 log.posterior <- function(vsys ,p) {
7 ## p = ( mu , Ro , Vo, lon , ra, dec)
8 vlos <- vel -vsys*cos(r)-tranv*sin(r)*cos(phi -trana)
9 g <- abs(F*sin(incl)*cos(adiff))
10 ### disk velocity
11 vd <- vlos/g
12 sum(dnorm(vd,VR ,se,log=T))+dnorm(p[1],mu.mu ,mu.sd,log=T)+dnorm(p[2],Vo.
mu,Vo.sd ,log=T)+dnorm(p[3],Ro.mu,Ro.sd,log=T)+dnorm(p[4],lon.mu ,
lon.sd ,log=T)+dnorm(p[5],ra.mu,ra.sd,log=T)+dnorm(p[6],dec.mu ,dec.
sd,log=T)
13 }
14 ## Initialize constants
15 ## piatek ’08
16 radians <- 2*pi/360.0
17 tranv <- 490.0 ### km/s
18 trana <- 77.5*radians
19 i.mu=35*radians
20 i.sd=2*radians
21 d0 <- 50.1
22 Ddidt <- 0
23 ### start proposal
24 p <- start
25 L <- chol(V)
26 ch <- matrix(0,n.iters ,8)
27 colnames(ch) <- c("Systemic velocity", "Rot.curve parameter", "Vmax", "Disk
Scale", "LON", "RA","Dec","Inclination")
28 for(k1 in 1:n.iters) {
29 #### random sample for inclination on third iteration
30 if (k1 %% 3 != 0){
31 incl <- rnorm(1,i.mu,i.sd)
32 }
33 for(k2 in 1:n.thin) {
34 ## Gibbs sample for vsys
35 y <- cos(abs(-pi/2-p[6]))*cos(abs(-pi/2-vdec))+sin(abs(-pi/2-p[6]))*
sin(abs(-pi/2-vdec))*(cos(p[5]-vra))
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36 r <- acos(y)
37 cosphi <-seq(length(vdec))
38 phi <-seq(length(vdec))
39 for ( i in 1: length(vdec)) {
40 cosphi[i] <- -cos(vdec[i])*sin(vra[i]-p[5])/sin(r[i])
41
42 gamma2 <- cos(abs(-pi/2-(-pi/2-p[6])))*cos(abs(-pi/2-vdec[i]))+sin(
abs(-pi/2-(-pi/2-p[6])))*sin(abs(-pi/2-vdec[i]))*cos((pi+p[5])-
vra[i])
43 poldist2 <- acos(gamma2)
44
45 if ((poldist2 -pi/2) < 0.0){
46 phi[i] <- -acos(cosphi[i])-pi/2
47 } else
48 {phi[i] <- acos(cosphi[i])-pi/2
49 }
50 }
51 adiff <- phi -p[4]
52 fnum <- cos(incl)*cos(r)-sin(incl)*sin(r)*sin(adiff)
53 fdenom <- sqrt(cos(incl)**2*cos(adiff)**2+sin(adiff)**2)
54 F <- fnum/fdenom
55 R <- d0*sin(r)/F
56 VR <- p[2]*(R**p[1])/(R**p[1]+p[3])
57 vsys <- (1/cos(r))*(vel -tranv*sin(r)*cos(phi -trana)-Ddidt*sin(r)*sin(
adiff)+F*VR*sin(incl)*cos(adiff) )
58 tau <- 1/se
59 S1 <- sum(tau)
60 S2 <- sum(tau*vsys)
61 vsys <- rnorm(1,S2/S1 ,1/sqrt(S1))
62 ## Metropolis sample for p = ( mu, Ro , Vo , lon , ra , dec)
63 p1 <- p+(1*rnorm (6))%*%L
64 if(all(p1 [1:4] >0.5)) {
65 logp <- log.posterior(vsys ,p)
66 logp1 <- log.posterior(vsys ,p1)
67 if(logp1 - logp > log(runif (1))) {
68 p <- p1
69 }
70 }
71 }
72 ch[k1 ,] <- c(vsys ,p,incl)
73 }
74 ch
75 }
76 d <- read.table("data.txt",header=T)
77 ## Initial sample for tuning
78 V <- diag(c(0.2, 1.0, 1.0 ,0.2 ,0.01 ,0.01) ^2)
79 fit <- mcmc.glob(d$vel ,d$verr ,d$ra,d$dec ,
80 Vo.mu=80,Vo.sd=10, mu.mu=2.0, mu.sd=1.0, Ro.mu=2.0,Ro.sd
=2.0,
81 lon.mu=2.269 , lon.sd=0.175 ,ra.mu=1.44 , ra.sd=0.005 , dec.mu=-1.22, dec.sd
=0.005 ,
82 start=c(2.0, 60.0, 2.0 ,2.27 ,1.44 , -1.22),V=V,
83 n.iters =1000,n.thin =2)
84 ## Final sample
85 V <- var(fit [ ,2:7])/5
86 fit <- mcmc.glob(d$vel ,d$verr ,d$ra,d$dec ,
87 Vo.mu=80,Vo.sd=10, mu.mu=2.0, mu.sd=1.0, Ro.mu=2.0,Ro.sd
=2.0,
88 lon.mu=2.269 , lon.sd=0.175 , ra.mu=1.44, ra.sd=0.005 , dec.mu=-1.22, dec.sd
=0.005 ,
89 start=c(2.0, 60.0, 2.0 ,2.27 ,1.44 , -1.22),V=V,
90 n.iters =10000 ,n.thin =2)
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C.1 Programming tasks and tools
Data reduction was carried out using the AAOmega 2dfdr reduction pipeline.
This software is largely automatic, once the observer has set the correct param-
eters for the sky subtraction scheme. Setting up of the observation fields for the
2df fibre positioner was accomplished using the AAT configure software . The
observer supplies a list of candidate stars to configure which uses simulated an-
nealing algorithms to arrange the fibres in a way the robot can place them from
the inside out without fouling (Miszalski et al. 2006). It importantly samples
from the list of candidate stars without bias. A list of tracking stars was also
required, preferably in the periphery of the field and within a fixed magnitude
range to keep the field position while tracking. These lists were generated by
filtering the 2MASS catalogue based on position and magnitude, using R statis-
tical software to select, (Venables and Smith 2004). Python scripts were used to
output the lists in the correct syntax for the fibre positioner configure software.
Spectra were plotted and analysed using the PyRAF application protocol
interface to IRAF tasks. The IRAF scripting language was initially used for
batch tasks, but is less user friendly than the Python language. Python script-
ing of batch IRAF tasks was used for such tasks as editing AAOmega FITS
headers, and creating new headers for tasks, including coordinate conversion
from sexagesimal hours, minutes and degrees to decimal radian measures of an-
gular distances on the sky. This was required to calculate angles and distances
from the centre of the galaxy or cluster to transform to IC 4499 spherical or
LMC disk coordinates. A Python script was written to calculate an LMC disk
rotation model by reading in the Line of Sight (LOS) velocity data, transform-
ing positions to an LMC disk frame, fitting a circular rotation velocity model to
the disk velocities and then translating the model into a map of the projected
LOS velocities on the sky. Python scripts were used to read in online catalogues
and data from other studies, then cross match them with our data as required.
The Aladin sky atlas was also used to positionally cross match online cat-
alogues and images with local data (Bonnarel et al. 2000). The Aladin atlas
has access to online astronomical resources at Simbad and VizieR which include
all-sky surveys such as GLIMPSE, IRAS, 2MASS and DSS. The Aladin sky
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atlas allows catalogue objects to be plotted over archival images. We used this
feature to plot UK Schmidt DSS red images, then add contours and 2MASS
catalogue objects, to find low brightness regions to place sky subtraction fibres
within the crowded LMC inner bar fields.
Some small sections of the spectra were missing due to dead areas on the
CCD, these appeared as zero counts and looked like square absorption lines, see
Figure: C.1. The bias frames must have had the same fault and didn’t correct
this in the reduction process. The artificial lines would have affected velocity
cross correlations with template spectra, and may have exaggerated equivalent
width measurements. These zero regions appeared at different wavelengths for
different apertures due to the dispersion solution, so setting a fixed wavelength
region mask was not feasible. A Python script was written to find the zero
values, then estimate an average value of the spectral continuum for a small
range of pixels either side of the zero region and interpolate the continuum
across the spurious line feature. No real absorption features had zero flux, so the
algorithm didn’t apply to real features, see Figure: C.2. Where the zero region
appeared inside a strong Ca II line profile of interest, the algorithm successfully
recovered the shape of the profile, Figures: C.3 C.4. The script was written
to offer interactive user input to check that the algorithm was performing as
expected, then once the parameters were tuned the script was allowed to run as
an automated task.
R statistical programming language was used for exploratory data analysis,
to perform statistical tasks on the data, as well as to generate most plots.
The Python MATLAB-like matplotlib library was used to generate the colour
plot of the LMC line of sight velocity field, Figure 4.42 in Chapter 4. Monte
Carlo Markov Chain simulation algorithm for the velocity dispersion model of
IC 4499 were coded in R, with much assistance from Dr. Simon Wotherspoon
B.3. The simulations of model parameters fro the LMC disk rotation model was
an adaption of Dr. Wotherspoon’s scheme to a larger and higher dimensional
problem B.3.
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Figure C.1: Spectrum from LMC East field showing CCD zero readout looks
like a strong line near wing of 8662A˚ Ca II line.
Figure C.2: Spectrum after interpolation algorithm applied
217
APPENDIX C. PROGRAMMING
Figure C.3: Spectrum from LMC East field showing CCD zero readout within
(redshifted) 8662A˚ Ca II line.
Figure C.4: Spectrum of 8662A˚ Ca II line after interpolation algorithm applied.
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Calibration
D.1 Ca II Triplet Metallicities From NIR Magnitudes
(Andrew A. Cole)
Warren was concerned that his metallicity values for the 240 RGB stars in his
bar sample of 585 were coming out slightly higher than previous values. To me
it looked more or less within the systematics of the calibration but I decided it
would be worth checking on one possible systematic while Warren worked on
finalising the kinematics chapter.
Dueling Wavelengths
The Ca II triplet equivalent width is not a pure metallicity indicator since the
lines are very sensitive to pressure broadening and slightly sensitive to temper-
ature (Jørgensen et al. 1992; Cenarro et al. 2001; Diaz et al. 1989). Because the
RGB at a given [Fe/H] makes a single locus in the HR diagram, a single pho-
tometric measurement is enough to almost completely remove the temperature
and surface gravity dependences. Multiple approaches are in the literature.
Previous work on the LMC bar (Cole et al. 2005) followed a customary
approach in using (V−VRC) to remove the logg and Teff effects. Da Costa and
Hatzidimitriou (1998) showed how this could be applicable to star clusters of a
range of ages and Cole et al. (2004) showed that it was possible to apply the
method even for field populations (i.e., a mixture of age and metallicity).
Warren and Cole (2009) pioneered using the KS band magnitudes for cluster
studies based on the wide availability of 2MASS data, and Hankey and Cole
(2011) confirmed this approach. However it had not yet been verified for a
mixture of populations.
Aims
To see if the metallicity results depend on the bandpass of the photometric
calibrator, and account for any discrepancies.
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Method
I matched each star to a star in the Magellanic Clouds Photometric Survey
catalog (Zaritsky et al. 2004). This gives UBVI magnitudes for all our stars
that have JHK magnitudes. Note that 24 out of 669 stars had no match within
1′′; 2 out of 669 stars had double matches, but in both cases the second match
was 2–3 mag fainter and obviously not the spectroscopic target.
The median position offset between MCPS and 2MASS positions was 0.′′28.
Many stars didn’t have any U magnitudes, which is unfortunate from an SED
modeling perspective. The BVIJHK mags are in a file called mcpsmatch clean.pos.
Now I can assume the VRC of the bar = 19.22 ±0.12, following Cole et al.
(2005), and use the calibration from Cole et al. (2004): [Fe/H] = −2.966 +0.362
(ΣW +0.73∆V). Only stars for which Warren derived a metallicity, bounded
by the region from 0.9 ≤ V−I ≤ 2 and I >14.5, were used. The metallicities
derived using the Cole et al. (2004) calibration and the Warren and Cole (2009)
calibration were compared.
Results
Converting to a V-band corrector for the equivalent widths does not change the
results for the mean metallicity or peak of the distribution:
[M/H]KWC9 = −0.32± 0.33
[M/H]VC04 = −0.33± 0.28
This shows that for the dominant population it makes little difference what
photometric corrector is used in deriving the metallicity.
However, a significant trend with metallicity is observed. A linear least-
squares fit to the data gives:
[M/H]C04 = 1.199[M/H]WC9 + 0.075
 D.1
with a reduced χ2 = 1.5, with σ = 0.06 for 204 stars. This relation shows that
at the metal rich end the two are nearly equal, but for metallicities below [Fe/H]
≈ −0.4 the near infrared based metallicities are systematically lower than the
metallicities derived using V magnitudes. The equivalence point between the
two methods is found to lie at [Fe/H] = −0.377. The fit is shown in Figure D.1.
This shows every sign of being related to a calibration effect. Because the
K-band and V-band magnitudes give identical results in star clusters, we can
remain confident that the AAOmega equivalent widths are compatible with the
results from other telescopes. Therefore the offset may be due to differences in
the way that simple stellar populations combine in a complex system like the
LMC.
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(ANDREW A. COLE)
The solution is related to the discussion in §5 of Cole et al. (2004), in which
variations in V−VHB are shown to account for .0.1 mag of difference in the
derived metallicity of composite populations. The situation is exaggerated in
the K-band because clump/HB stars get fainter with decreasing metallicity, the
opposite of the behaviour in the V-band. In the V-band, age and metallicity
effects nearly cancel out, while in K-band they reinforce each other (provided
the metallicity increases with time).
The effect is demonstrated clearly in Grocholski and Sarajedini (2002) where
it is shown that the K-band magnitude of the clump decreases by &0.8 mag over
the range −0.5 ≥ [Fe/H] ≥ −1.3. This is additional to an 0.3 mag decrease over
the range 4–12 Gyr (at constant metallicity).
The red clump population of the LMC bar is dominated by the intermediate-
age, metal-rich component. Therefore any population-related calibration offsets
due to population admixtures will be negligible for the dominant population.
This is observed (V and K band samples agree). If we then follow Salaris and
Girardi (2002) and Grocholski and Sarajedini (2002) in estimating the change in
K-band magnitude of the red clump between a dominant population at [M/H]
= −0.4 and a minority old population at [M/H] = −1.3, we estimate ≈1 mag of
K band shift. The metallicity calibration of Warren and Cole (2009) then leads
us to the result that the K-band gravity estimator has led us to overestimate
the RGB metallicities by 0.1 dex at −1, and by 0.2 dex at −1.5. This shift is of
the magnitude and sense observed.
Conclusions
The K-band stellar parameter corrector for Ca II triplet metallicity estimates
can be more sensitive to age and metallicity mixtures than using the V-band
corrector. The size and sense of the resulting systematic errors depends on
the mixture of populations, but for the LMC bar results in the overestimate of
metallicities in the metal-poor end.
The characteristic metallicity of the dominant population is not affected by
this systematic, and we do not find a significant offset between the V-corrected
metallicities and the K-corrected metallicities for the LMC RGB stars in our
sample. The bar really is just a bit more metal-rich than the disk.
This issue must be re-examined when dealing with the large sample of SMC
stars in a forthcoming paper.
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Figure D.1: Comparison of the metallicities derived using two different band-
passes for the photometric stellar parameter corrector. WC9 = 2MASS KS
band Warren and Cole (2009); C04 = MCPS I band Cole et al. (2004). The
dashed line shows the line of equality; the solid line in the upper figure shows
the linear relation described by Eq. D.1.
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Acronyms
ΛCDM Λ cold dark matter.
AGB asymptotic giant branch.
CMD colour-magnitude diagram.
dE dwarf elliptical.
dIrr dwarf irregular.
DM dark matter.
dSph dwarf spheroidal.
GASS Galactic anti-centre stellar structure.
GC globular cluster.
HB horizontal branch.
HVC high velocity clouds.
IMF initial mass function.
ISM interstellar medium.
LG Local Group.
LMC Large Magellanic Cloud.
LPV long period variables.
LTE local thermodynamic equilibrium.
MCMC Markov chain Monte Carlo.
257
Acronyms
MgS Magellanic stream.
MLE maximum likelihood estimation.
MS main sequence.
MW Milky Way.
OoI Oosterhoff Type I.
OoII Oosterhoff Type II.
OoIII Oosterhoff Type III.
OoInt Oosterhoff intermediate.
PNe planetary nebulae.
RGB red giant branch.
RSG red super-giant.
SFH star formation history.
SFR star formation rate.
Sgr Sagittarius.
SMC Small Magellanic Cloud.
SNe supernovae.
SNe Ia supernovae Type Ia.
SNe II supernovae Type II.
SNR signal to noise ratio.
TO main-sequence turnoff.
TRGB tip of the red giant branch.
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Acronyms
ZAHB zero-age horizontal branch.
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